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 Abstract
The development of the membrane candidate materials is of great importance to our 
community, considering Australia has serious water shortage problems. Polymeric 
materials with uniform nanostructure are having a significant impact on the separation 
field, such as water filtration and gas separation, etc. Hexagonal lyotropic liquid 
crystals (LLCs) have been playing an important role in templating closely packed 
cylindrical nanostructure, therefore, the template materials are our research interest in 
producing high permeability and selectivity for denser and narrowly distributed pores.
LLC nanoporous membranes could template long range order from some surfactants 
in aquatic solvents. Hexagonal phase of DTAB-water system was used to template 
parallel cylindrical nanostructure. However, nanostructure with unique orientation in 
a macroscopic scale is not easy to realize naturally. The objective of this thesis is 
mainly to investigate ways to align the hexagonal cylinders of LLCs to a uniform 
direction perpendicular to the membrane surface and realize in situ SAXS 
measurement.
Fundamental work was firstly carried out to study the phases of template DTAB-water 
binary system, DTAB-Water-monomer system through efficient capillary swelling 
experiment, to confirm the formation of hexagonal phase in two systems, and to test 
the effect of monomer on the template nanostructure. Then in situ SAXS measurement 
of photo-polymerisation of the LLC system with monomer and initiator was completed, 
meanwhile, how X-ray radiation influences on the photo-polymerisation was studied. 
III
 After this, LLC membranes with two monomers mixed in different ratios were 
prepared to improvement the mechanical properties, aiming at enhancing the retention 
of the template LLC nanostructure in the resulting membranes. 
External fields were utilized to assist in the alignment of the LLC nanostructure. 
Magnetic field was firstly tried for the alignment of the LLC system with magnetic 
nanoparticles doped. To better understand the proceeding process, in situ small angle 
X-ray scattering (SAXS) experiment was completed at Australian Synchrotron. The 
alignment process was characterised by visualizing hexagonal arrays being aligned to 
one uniform direction in the form of 2D and 1D scattering patterns. The enhanced 
alignment could be illustrated through the narrowing azimuthal intensity distribution 
with the extending time exposed under magnetic field. How the magnetic 
nanoparticles move under the applied magnetic field across the polymer solution and 
influence on the alignment of the LLC nanostructures were analysed by molecular 
dynamics (MD) simulation. The simulated result is in good agreement with 
experimental results. Based on these facts, the alignment process under the magnetic 
field was modelled for the first time to illustrate the alignment mechanisms.
In situ measurement of alignment of the LLC solution sample under electric fields was 
also done with synchrotron SAXS. It is interesting that reversible phase transition of 
the DTAB-water system at room temperature was found between hexagonal at static 
status and cubic under higher applied electric field. For polymerised solid membrane 
after alignment, there are results showing the alignment was enhanced under 
increasing electric field strengths. Besides, the evolution of cells for application of 
IV
 electric field was summarized in terms of relative direction of beam and electric field, 
and electrode materials. 
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C H A P T E R  O N E
1. Introduction
1.1 Significance and research problems
It is significant to develop membrane filtration technology for solving the water 
shortage problem at low energy cost and high efficiency. Hexagonal lyotropic liquid 
crystals (LLCs) contribute to the formation of orientated cylindrical nanostructure and 
photopolymerisation of the polymer could retain the templated nanostructure. This 
approach has potential to produce ideal polymeric membranes of high pore density and 
narrow pore size distribution. However, it is difficult for the LLC system to form 
oriented order in a large scale naturally as defects can be easily introduced in the 
resulting membranes.
1.2 Research Objectives and innovation
This project aims to align the hexagonal LLC nanostructure to the direction 
perpendicular to the resulting membrane surface via the force of external fields 
(magnetic field or electric field), and characterize the process with in situ measurement 
at the SAXS beamline of Australian synchrotron. It is the first time to visualize the
alignment process through in situ SAXS measurement, and combine with the 
molecular dynamic simulation of magnetic alignment. In the electric field, a reverse 
phase transition from hexagonal to cubic phase in the DTAB-water system was found 
at room temperature.
1
1.3 Thesis structure
This thesis will be presented in the following sequence 
x In Chapter 1, the significance of the project and the specific objectives of the 
project were introduced.
x In Chapter 2, the knowledge that helps to understand the background of membrane 
development, the phase behaviour of lyotropic liquid crystalline system (LLCs),
and the alignment of LLC nanostructure were reviewed.
x In Chapter 3, materials and experimental process to be used in this project were
firstly introduced and the basic knowledge of small angle X-ray scattering (SAXS) 
and some techniques of acquiring and analysis data were then presented.
x In Chapter 4, fundamental experiment, including phase behaviours of DTAB-water 
binary system was carried out while DTAB-water-monomer trinary system was
investigated with swelling capillary experiment. After this, in situ SAXS 
characterisation of photo-polymerisation induced by X-ray radiation was
investigated with hybrid monomers being combined to improve the mechanical 
properties of polymerised LLC membranes. 
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x In Chapter 5, magnetic alignment of hexagonal LLC nanostructures was studied. 
In situ SAXS measurement was applied to reveal the process of the alignment of 
hexagonal nanostructure with doped magnetic nanoparticles under magnetic field. 
This process was also simulated with molecular dynamics. At the last, the retention 
of the aligned LLC nanostructure under different field strengths was compared.
x In Chapter 6, the alignment of hexagonal LLC nanostructure under electric field at 
room temperature was investigated, while the phase transition from hexagonal to 
cubic and reverse was also studied.
x In Chapter 7, the conclusions of this thesis were presented.
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C H A P T E R  T W O
2. Literature review
In this chapter, a review of the development in membrane technology, lyotropic liquid 
crystalline (LLC) templated materials of different phase and curvature, and methods 
to align the orientation of nanostructure including magnetic field, electric field, shear 
and photoalignment is presented.
2.1 Membrane technology
2.1.1 Introduction
Although a variety of drinking water sources exist, such as ground water, lakes and 
reservoirs, canals, atmospheric water generation, rain water harvesting, fog collection 
and sea water (Saha 2003, Jones, Voulvoulis et al. 2005, Ayoob, Gupta et al. 2008,
Zhang, Love et al. 2009), water scarcity is becoming an increasingly serious problem 
worldwide. One of the reasons is for multiple sources of pollutants, thus the 
contamination of water is diverse and is hard to be removed (Huang, Sillanpaa et al. 
2008, Yeung 2008, Ferguson, Charles et al. 2009, Neto and Sarcinelli 2009,
Triantafyllidou, Lambrinidou et al. 2009, Zhang, Love et al. 2009). Furthermore, in 
places such as Australia uneven distribution of precipitation both in different regions 
and in different seasons and years contributes to the shortage of water (An, Zou et al. 
2015). Therefore, how to conserve water is a priority to lighten the water shortage 
(Ambashta and Sillanpää 2010).
4
To remove the pollutants from contaminated water, a variety of treatment techniques 
and processes have been developed, including adsorption (Ambashta and Sillanpää 
2010, Arnal, Sancho et al. 2013, Kim, Thu et al. 2014), supercritical fluid extraction
(Afrane and Chimowitz 1996, Goemans, Tiller et al. 1997), photocatalytic water 
treatment (7RPDãHYLü.LVVHWDO, Patil, Naik et al. 2011, Kertèsz, Cakl et al. 
2014), denitrification of brackish water by electro-dialysis (Annouar, Mountadar et al. 
2004, Menkouchi Sahli, Annouar et al. 2008), membrane processes (Molinari, 
Palmisano et al. 2002, Ma, Quan et al. 2009, Goh, Setiawan et al. 2013), etc. And 
Membrane processes have been widely and intensively developed due to the advance 
in flexibility to corporate with other means, like pressure, temperature, etc., as well as 
the efficiency and cost of water or gas filtration and treatment (Antony, Low et al. 2011,
Stoquart, Servais et al. 2012, Wibisono, Cornelissen et al. 2014). Membranes started
to perform as a vital means of water purification in the 1960s as membrane technology 
was developed quickly in terms of new materials and various configurations (Bérubé 
and Lei 2006, Du, Ciaciuch et al. 2013).
2.1.2 Mechanism of the process and separation
Membrane processes include a group of separation processes in which the components 
of a solution or a suspension are separated by a membrane of specific porosity, 
selectivity and electivity, and electric charge.
The membrane between two phases as a permselective barrier or interface plays a key 
role in every membrane process. A schematic illustration of a membrane separation is 
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given in Figure 2.1.
Figure 2.1 Schematic of membrane process under possible driving forces (Leiknes 
2001)
As shown in Figure 2.1, phase 1 is usually considered as the feed or upstream side 
while phase 2 is taken as the permeate or downstream side. Separation is achieved 
when one component from the feed mixture is more ready than any other component 
or components through the membrane. Transport through the membrane occurs with 
the driving force acting on the components in the feed, such as pressure, concentration, 
electrical potential or temperature.
In many cases the permeation rate through the membrane is proportional to the driving 
force. The flux (J) can be calculated according to the driving force given by Equation 
2.1.
ܬ = െA݀ܺ݀ݔ Equation 2. 1
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where A is the phenomenological coefficient, and (dX/dx) is the driving force, meaning
the gradient of X (temperature, concentration, pressure) along a coordinate x
perpendicular to the transport barrier (Mulder 1996).
2.1.3 Classification and development
Membranes can be classified according to many different characteristics. The first 
classification is by nature, i.e. biological or synthetic membranes. Another 
classification method is by morphology or structure. This is also informative as the 
membrane structure determines the separation mechanism and hence the applications.
Two types of membrane may be distinguished for solid synthetic membranes, i.e. 
symmetric or asymmetric membranes. Further, the two types can be further subdivided 
as shown schematically in Figure 2.2.
Porous membranes contain fixed pores and can be categorised according to the pore 
size. The ranges of pore size frequently used in porous membrane filtration can be 
from less than 1nm up to around 1mm. The smaller the pore sizes are, the more difficult 
to control and achieve. Figure 2.3 shows the different pore sizes that are encountered 
in membrane applications, kinds of solute or particles that are separated in each size 
range, and the names of the filtration processes by which those pore sizes are utilized 
(Perry and Green 1997).
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Figure 2.2 Schematic illustration of various membrane cross-sections (Mulder 
1996).
Figure 2.3 Categories of pore size ranges in porous membranes. Taken from (Gin, 
Bara et al. 2008).
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And the driving force and separation size range of different separation processes are 
shown in Table 2.1.
Table 2.1 Classification of membrane separation processes (Ulbricht 2006)
Name of process Driving force Separation size range
Microfiltration Pressure gradient 10 ~ 0.1 μm
Ultrafiltration Pressure gradient ޒ 0.1 μm ~ 5 nm 
Reverse osmosis
(Hyperfiltration)
Pressure gradient ޒ 5 nm
Electrodialysis Electric field gradient ޒ 5 nm
Dialysis Concentration gradient ޒ 5 nm
Nanofiltration membranes have been used to remove turbidity, hardness, 
microorganisms, and part of dissolved salts, which is gained in a significantly lower 
operating pressure. Therefore, this is a much more energy-efficient and low-cost 
process to remove destinations of specific size. 
A breakthrough for industrial applications was the development of asymmetric 
membranes, which consist of a very dense top layer as thick as 0.1~ 0.5 μm and support 
layer with a thickness of about 50 to 150μm. These membranes combine advantage of 
two aspects: the high selectivity of a dense membrane, and the high permeation rate of 
a very thin membrane. The resistance to mass transfer is determined largely or 
completely by the thin top layer (Hazlett 1995). Therefore, it is important to control 
the size and nanostructure of the top layer for nanofiltration.
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2.2 Nanostructured lyotropic liquid crystalline (LLC) materials
2.2.1 LLC 
Lyotropic liquid crystals are formed through the self-assembling of amphiphilic 
molecules composed of one or more hydrophobic organic tails that form fused 
hydrophobic regions, and a hydrophilic headgroup that defines the interfaces of phase-
separated aqueous domains (Collings and Hird 1997). The order is decided by the 
proportion of LC mesogen related to an immiscible solvent like water (Seddon 1990).
A variety of aggregates can be formed, such as micelles and vesicles or LLC phases 
which have great ordered fluid nanometer-scale assemblies (Tiddy 1980). Further, 
LLC phases range widely from planar bilayer lamellae to extended and cylindrical 
channels to 3-D interconnected channels, depending on the packing preference of the 
LLC molecules and interfacial curvature energy (Gruner 1989).
2.2.2 Curvature
It is important to understand the interface between the polar and non-polar area of the 
phases for describing and characterising different phases of lyotropic liquid crystals.
Mean and Gaussian curvatures, H and K, are used to characterise the interface, and are 
determined by the principle curvatures c1 and c2 at a certain point P on the surface 
(Figure 2.4), by
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Mean Curvature ܪ = ܿଵ + ܿଶ2 Equation 2. 2
Gaussian Curvature ܭ = ܿଵ ή ܿଶ Equation 2. 3
Different phases have different values of mean and/or Gaussian interfacial curvatures, 
and these may or may not be uniform at different points on the interface within a single 
phase. There is an adopted convention that for a lipid monolayer, H > 0 denotes 
curvature towards the chain region, whereas H < 0 denotes curvature towards the water 
region (Table 2.2). The details of Gaussian interfacial curvatures are summarized in 
Table 2.3.
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Figure 2.4 Schematic definition of mean curvature and Gaussian curvature for 
a lipid monolayer. R1 and R2 are the principle radii of curvature, and c1 and c2 
are the principal curvatures, respectively, at the point P. n is the unit normal 
vector of the surface path A at the point P, direction in the positive z-direction
(Seddon and Templer 1995)
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Table 2.2 Summary of mean curvature of monolayer and bilayer.
H < 0 H > 0
Monolayer
Curvature towards the chain 
region (oil in water, type I)
Curvature towards to the water 
region (water in oil, type II) 
Bilayer Arbitrary
Table 2.3 Summary of the Gaussian curvature and the property of the interface.
Gaussian Curvature (K) Property of interface Example
K > 0 Elliptic, and naturally bend 
round to form closed shells.
Micelle, inverse micelle
K = 0 Parabolic Lamellar, and hexagonal 
phase
K < 0 hyperbolic Saddle surface
2.2.3 Binary phases of LLC
On the basis of the symmetry, LLC phases are classified into lamellar (L), hexagonal 
(H), bicontinuous cubic (Q), and discontinuous cubic (I) phases. They can be further 
subdivided into type I (or type 1) phase when they are on the water-excessive side with
positive mean curvature and type II (or type 2) phase when they are on the water-
deficient side with negative mean curvature, relative to the central L phase as the 
midpoint of an ideal, symmetrical LLC phase progression without intrinsic curvature 
(Figure 2.5, Table 2. 2) (Gin, Pecinovsky et al. 2008). LLC phases usually have several 
mixed regions decided by temperature, pressure, and system composition (Gin, Gu et 
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al. 2001), which are different from morphology of thermotropic LC templated polymer 
primarily depending on temperature (Collings and Hird 1997).
Figure 2.5 Schematic illustration of results by amphiphile in water: (a) individual 
aggregate structures; (b) LLC phases (Gin, Pecinovsky et al. 2008).
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2.2.4 LLC templated materials and composites
LLCs have been used as templates to synthesise materials and composites for kinds of 
nanostructure as LLCs have hydrophilic and hydrophobic domains, which can assort 
the introduced molecules into its preferred domain. The confinement of the nano-
environment created from the templates can be then fixed via polymerization of the 
monomers or polymers to be solidified. This is how the materials copy the self-
assembling properties, which the materials do not have originally, from the template.
For example, nanostructures can be directly templated in inorganic materials, such as 
silica mesostructured as a near-exact negative copy of the HI phase of LLC template
(Attard, Glyde et al. 1995), in templated nanowire synthesis, such as metal ions 
confined to the channels of HII phase and forming nanowire with orientation via 
electrodeposition (Figure 2.6) (Huang, Wang et al. 2002), in templated nanopartilces
synthesis with the aid of LLCs in both dilute, microemulsion surfactant conditions
(Cushing, Kolesnichenko et al. 2004) and condensed phases of LLCs (Puvvada, Baral 
et al. 1994, Dellinger and Braun 2004), and in templated polymerization though with 
additional challenges like persevering the order of the surfactant molecules during 
polymerization (Gennes 1979) and after removing the template (Moriguchi, Ozono et 
al. 1999), as well as carbon nanotube disaggregation and alignment (Figure 2.7) (Islam, 
Rojas et al. 2003, Lagerwall, Scalia et al. 2007).
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Figure 2.6 SEM image of Ag nanowires electrodeposted from the HII mesophase 
of AOT (Huang, Wang et al. 2002).
Figure 2.7 Two proposed models for the supramolecular assembly of surfactants 
with CNTs: (a) cylindrical assembly, and (b) beads-on-string assembly
(Lagerwall, Scalia et al. 2007).
These LLCs materials have a variety of functions in a wide area, such as conducting 
materials, drug delivery systems, LLC phases based on Ionic surfactants, cross-linked 
LLC phases as heterogeneous catalysts, new directions for LLC phases in drug 
delivery and medical therapy, and LLC materials for membrane separations, like gas 
separations, aqueous nanofiltration, elective vapor barrier materials (Gin, Pecinovsky 
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et al. 2008).
2.2.5 Surfactants
Surfactants are important to form LLCs micro- and/or nano-structures. The
classification and features of surfactants will be studied in this section to better 
understand and control the desired LLCs phases.
The classification of surfactants is shown in Table 2.4. Low molecular mass surfactants 
are widely applied for research in LLCs phases compared with polymeric surfactants, 
especially synthetic surfactants which need complicated synthesis process.
Table 2.4 Classification of surfactants.
Low molecular mass 
surfactants
Polymeric 
surfactants
Particles as surfactant species
x Nonionic
x Ionic
x Amphoteric
x Synthetic
x Natural
x Spherical vs. non-spherical
x Hydrophilic vs. hydrophobic
2.2.5.1 Cationic surfactants
Cationic surfactants are dissociated in aqueous solvent into an amphiphilic cation
(positively charged) and an anion (negatively charged, often is of halogen type, like 
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Dodecyltrimethylammonium bromide (DTAB, Figure 2.8a) and 
Cetyltrimethylammonium bromide (CTAB, Figure 2.8 b).
Figure 2.8 a: Molecular structure diagram of DTAC and b: cartoon of the diffuse 
electric layer.
2.2.5.2 Anionic surfactants
Anionic surfactants are dissociated in aqueous solvent into an amphiphilic anion 
(negatively charged), and a cation (positively charged), usually which is alkaline metal 
(Na+, K+) like Sodium dodecyl sulfate (SDS, Figure 2.9 a), or a quaternary ammonium
like Ammonium lauryl sulfate (Figure 2. 9 b)).
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Figure 2.9 a: Molecular structure diagram of SDS and b: cartoon of the diffuse 
electric layer.
2.2.5.3 Nonionic surfactants
Figure 2.10 Molecular structure diagram of a: Alkylpolyoxyethylenes, b: Spans 
(b) and c: Tweens.
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Nonionic surfactants do not ionize in aqueous solution, for the hydrophilic group is 
nondissociable, like alcohol, phenol, ether, ester, or amide, such as Brij 56 (Figure 
2.10a) and Brij 58 (Figure 2.10 b).
2.2.5.4 Amphoteric surfactants
Natural soaps (alkylcarboxylates), lipids are typical examples (Figure 2.11).
Figure 2.11 Molecular structure diagram of Alkylcarboxylates.
Varieties of surfactants are usually used in mixtures, so it is important to match the 
sensitivity of the surfactant and the chemistry property of the belonged mixture. There 
is a comparison of the low-molecular mass surfactants in term of sensitivity to 3 
conditions, including electrolyte, temperature and pH (Table 2.5).
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Table 2.5 Comparison of the low-mass surfactants.
Sensitivity* Nonionic Ionic Amphoteric
Electrolytes No Yes Depends on pH
Temperature Yes No No
pH No No Yes
* Adsorption, surface tension, CMC, micelle size and shape, foam and emulsion 
stability.
Critical Micelle Concentration (CMC)
Micelles form when the concentration of surfactants is higher than the CMC point.
And factors affecting CMC include surfactants presenting in polar and non-polar 
solvent, nature of hydrocarbon chain and temperature. The detailed information is 
summarized in Table 2.6.
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Table 2.6 Factors affecting CMC.
Factors Conditions CMC
Polar solvents (e.g water) The length of hydrocarbon 
chain increases 
Decreases
Polarity of the polar 
portion increases 
Increases
Non-polar solvents (e.g 
chloroform)
Longer hydrocarbon chain Increases
Increasing polarity of the 
hydrophilic part
Decreases
Additive Electrolyte addition into 
ionic micelles, 
Reduces
Sugar structure makers
Urea and formamide 
structure beakers
Increases
Nature of hydrocarbon 
chain
The branched chain ring 
systems and double bonds
Increase
Temperature The increased temperature Increases
And the shape of micelles is mainly related to the chain and head group (HG) (Table 
2.7).
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Table 2.7 Factors governing micelle shape
Surfactant Aggregate Diagram
Single chain, large head 
group (HG)
Spherical/ ellipsoidal
Single chain, small HG Cylindrical/rod
Double, flexible chains, 
large HG
Vesicles, flexible bilayers 
Double, rigid, bulky 
chains, small HG
Reversed/inverted micelles
Knowledge above is useful to select the surfactants according to the chemistry and 
physical condition of the demand.
2.2.6 Cross-linking monomers
2.2.6.1 The polymerization kinetics
The polymerization kinetics in LLCs depends on the order of self-assembly before 
polymerization and affects the retention of polymer structure a lot (Lester, Smith et al. 
2003). The rapid kinetics of photopolymerization can lead to low swelling, as more 
robust channel structure is resulted by rapid kinetics which can reduce the swelling
(DePierro, Carpenter et al. 2006).
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2.2.6.2 Reactive group position
Sievens-Figueroa and Guymon examined the influence of reactive group position in 
polymerizable surfactants on polymerization kinetics and order before and after 
polymerization. They found more ordered LLC phases are obtained with reactive 
groups near the polar head of the reactive surfactant compared to reactive groups in 
the nonpolar tail, also, higher polymerization rates are found with reactive surfactants 
bearing the reactive group near the polar head using increasing surfactant 
concentration and LLC order (Sievens-Figueroa and Guymon 2009).
2.2.6.3 The aliphatic chain length 
Aliphatic chain length has also been investigated as one of the factors that affect the 
nanoporous LLC order preservation on polymerization. It was described by Sievens-
Figueroa and Guymon that the increase in the termination and propagation rate 
parameters can result in enhanced polymerization rates, which is because an increasing 
monomer concentration when segregation effects in the LLC phases occur (Sievens-
Figueroa and Guymon 2008).
2.2.6.4 Monomers
LLC templates have great nanometer size features, while the LLC systems are weak 
in terms of mechanical stability and therefore are not proper to be applied in 
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nanostructured material. Cross-linker is used to retain the order of LLCs for certain 
surfactant monomer. Sievens-Figueroa and Guymon used a cross-linker HDDMA for 
a monomethacrylate quaternary ammonium in water to keep the original LLC order in 
the process of polymerization, which cannot be realized by other means (Sievens-
Figueroa and Guymon 2009).
The long-range order of the LLC nanostructure is closely related to the performance 
of the LLC nanoporous membranes, including intensity and water flux. There are 
different techniques that can be used to improve the long-range orientation of LLC 
molecules of the template. It’s important to control intermolecular interactions and the 
formation of phase-segregation in the design and development of materials using 
liquid crystalline molecular order (Goodby, Mehl et al. 1998, Kato 2002, Aurelie 
Brizard 2005). Functional and ordered supramolecular structure can be constructed by 
intermolecular interactions, including ionic interactions (Stebani and Lattermann 1995,
Cook, Baumeister et al. 2005), ion-dipolar interactions (Fischer, Plesnivy et al. 1998,
Kanie, Nishii et al. 2001), and charge-transfer interactions (Holger Bengs 1990,
Kosaka, Kato et al. 1994).
2.3 Alignment under magnetic field
In this section, the methods used to align LLCs will be reviewed including alignment 
under magnetic and electric fields, by shear and photoalignment. Alignment of 
lyotropic liquid crystals under magnetic field has become of increasing interest for 
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produce long range order of the potential materials.
Magnetic alignment of LLCs occurs basically depending on the diamagnetic 
susceptibility of surfactant molecules and applied magnetic field strengths. Based on 
the interaction between these two aspects, some other ways can also be used to assist 
the alignment, like doping nanoparticles (Vallooran, Negrini et al. 2013) and rotation 
of the materials (Majewski and Osuji 2010) in the field.
2.3.1 Diamagnetism
Diamagnetism exists in all materials, though often extremely weak, and will be 
dominant when ferro- and paramagnetic effects are absent. The average diamagnetic 
susceptibility for liquid –CH2 chains was determined (Farquharson and Sastri 1937).
Occurrence of orientational ordering is allowed when the interaction energy associated 
with diamagnetic susceptibilities can overcome the thermal disordering for Brownian 
aggregate motions (De Gennes and Prost 1993). It is believed that the alignment of 
liquid crystals induced by a strong magnetic field (greater than 11.7T) is achieved by 
the interaction between the field and the constituents and their anisotropic diamagnetic 
susceptibilities. This can be applied to all of constituent molecules in the liquid crystals 
domain (Firouzi, Schaefer et al. 1997). These principles have mostly been utilized to 
explain the alignment under high magnetic field. As to the orientation direction, it has 
been reported that the plane of the carbon-carbon bonds tend to orient perpendicular 
to the magnetic field (Firouzi, Schaefer et al. 1997, Clawson, Holland et al. 2006).
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Magnetic alignment has been widely applied in liquid crystals of block copolymer 
surfactants. Amorphous poly (ethylene oxide) (PEO) microdomains in a liquid 
crystalline block copolymer were successfully aligned when 6 T magnetic field was 
applied (Figure 2.12).
Figure 2.12 Illustration of arrangement of block copolymer and smetic phase of 
liquid crystals (a), and magnetic alignment of lamellar microstructures depends 
on the anisotropy of magnetic susceptibility of the LC mesophase and the 
orientation of the mesogens (blue cigar-shaped objects) with respect to the IMDS 
(b) (Gopinadhan, Majewski et al. 2010).
And the driven force of the alignment is analysed as the diamagnetic anisotropy of 
smectic mesophase rather than the crystallization of PEO at lower temperature 
according to the SAXS result that the interfaces of lamellar and cylindrical PEO 
microdomains are finally along the applied field while the smectic layers of the LC 
mesophase are vital to the field (Gopinadhan, Majewski et al. 2010).
A versatile approach was developed to align the lamellar phases in magnetic field (0-
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6T) by rotating the samples. Effect of the rotation in two different directions on the 
alignment were compared (Figure 2.13), and it is found that the process with rotation 
on an axis perpendicular to the magnetic field direction achieved near-perfect, 
nondegenerate alignment of lamellar stacks along the rotation axis (Majewski and 
Osuji 2010).
Figure 2.13 The schematic diagram of the alignment of mesophases during 
rotation in magnetic field. (A) Static experiment/sample rotated along the axis of 
the field. All lamellae perpendicular to the field are present so the alignment is 
degenerate. (B) Sample rotated perpendicularly to the field consists of unique set 
of lamellae satisfying the energy minimum. (C) Geometry of magnetic alignment 
experiment with the direction of incidence X-ray beam in subsequent SAXS 
measurement indicated by red arrow. 
2.3.2 Doping magnetic nanoparticles
Alignment on the basis of diamagnetic susceptibility often happens under high 
magnetic field as reviewed above. There is also interesting research on alignment 
under no/low magnetic field but with nanoparticles. For example, as early as 1970, it 
has been reported that liquid crystals can be aligned by incorporating small and 
elongated ferromagnetic particles in a nematic LC matrix with low concentration 
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(volume fraction f İ 10-3) (Brochard and Gennes 1970). Also, reorientation was 
achieved by doping aqueous suspension of ultrafine magnetic particles in a lamellar 
phase under low magnetic field (10mT) (Fabre, Casagrande et al. 1990). Furthermore, 
it has been reported that the orientation of magnetic nanorods introduced in lyotropic 
lamellar phase is controlled by magnetic field, and the host lamellar phase can follow 
the orientation of the nanorods for the interaction between the nanorods and the host 
phase (Béneut, Constantin et al. 2008, Constantin, Davidson et al. 2010). Magnetic 
nanoparticles were doped in hexagonal and smectic phases for alignment in magnetic 
fields, and it is concluded that the magnetic moments of the particles are preferentially 
aligned along the axis of the hexagonal cylinders and in the plane of the smectic layers, 
respectively (Spoliansky, Ponsinet et al. 2000). Various loading weight of Gamma-
Fe2O3 nanoparticles in sulfonated poly (ether sulfone) (SP-ES) are used to synthesize 
nanocompostie membranes for alignment under magnetic field. The proton 
conductivity, thermal stability and electrochemical performance were improved in 
aligned membranes (Hasanabadi, Ghaffarian et al. 2011). The nanocomposite 
membranes with aligned doped nanoparticles can be potentially applied in fields like
fuel cell and ionic actuators.
Aligned structures under magnetic field have also found other applications. Alignment 
of silicate-surfactant composites was completed by cooling the mixture from the 
temperature above the anisotropic to isotropic phase transition point while applying
magnetic field (11.7 T) , followed by polymerization of the silicate species and acid 
treatment to preserve the alignment for mesoporous silica (Tolbert, Firouzi et al. 1997).
Magnetic alignment also was applied for single wall carbon nanotubes (SWNTs) 
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which were embedded in the self-assembly of cylindrical hexagonal liquid crystals for 
producing vertical aligned SWNT nanocomposite (Figure 2.14) (Mauter, Elimelech et 
al. 2010).
Figure 2.14 Proposed scheme for the fabrication of vertically aligned SWNT 
polymer nanocomposite thin-film (Mauter, Elimelech et al. 2010).
2.4 Alignment of LLC nanostructure under Electric field
The interaction of an electric field with self-assembled surfactant systems is of 
particular interest for the application of alignment and subsequent templating of the 
aligned structure (Amundson, Helfand et al. 1994, Tsori, Andelman et al. 2006, Tsori 
2009, Ma, Sun et al. 2011, Walker, Kowalczyk et al. 2011). It has been reported that 
phase change was induced by temporarily applied electric field over 1MV/cm at room 
temperature (Davis, McKinney et al. 1978). In a dc electric field, the mechanism of 
microdomain orientation of concentrated solutions of a lamellar block copolymer in 
toluene and the kinetics of the process was proved to depend on the initial degree of 
order in the system. In a highly ordered lamellar system, the realisation of the 
reorientation is only possible through nucleation and growth of domains and the 
process is quite slow, while in less ordered system, it is possible through grain rotation 
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and can proceed rather fast (Schmidt, Böker et al. 2005). An electric field as high as 
2.0 kV/mm AC was applied to a block copolymer system near its order-disorder 
transition (ODT) temperature of 92.5°C, and the orientation along the applied electric 
field was found to achieve not only by rotation but also by nucleation according to the 
result from time resolved SAXS, Atomic Force Microscopy (AFM) and computer 
simulations (Taniguchi, Uchino et al. 2008). It is explained that the orientation under 
electric fields occurs for the difference of the dielectric constant of different 
components of the surfactant-solvent mixture (DeRouchey, Thurn-Albrecht et al. 
2004).
The duration of the orientation process varies in different systems. A high degree of 
orientation of lamellar microdomains (block copolymers of polystyrene and 
polyisoprene) parallel to the electric field was achieved within minutes and with 
drastically reduced long-range order as an intermediate state (DeRouchey, Thurn-
Albrecht et al. 2004). The orientation has its own preference of direction. For lamellar 
phase, after orientation, many small grains are in the lamellae parallel to the electric 
field as well as some randomly in a plan perpendicular to the field (DeRouchey, Thurn-
Albrecht et al. 2004).
2.4.1 Surface modification of substrate
Yoshio, et.al prepared one-dimensional ion-conductive polymer films containing ion 
nanochannels where 3-(aminopropyl)triethoxysilane (APS, Figure 2.15) was used to 
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modify the surfaces of glass and indium tin oxide to orient the direction of the 
nanochannels, and the process is shown in Figure 2.16.
Figure 2.15 Structure of 3-(Aminopropyl) triethoxysilane
Figure 2.16 Schematic illustration of the strategy for preparation of one-
dimensional ion-conductive polymer films: (a) Vertical orientation of 
unpolymerized columns on 3-(aminopropyl) triethoxysilane (APS)-modified 
surface of substrates; (b) parallel orientation; (c) polymer film with vertical 
columnar orientation to the film surface (Film-V); (d) polymer with parallel 
columnar orientation to the film surface (Film-D) (Yoshio, Kagata et al. 2006).
Furthermore, perpendicular orientation can be seen in Figure 2.17 in which uni-
32
orientation of vertical to the surfaces, was obtained after the modification with APS 
through introducing -NH2 to the substrates (Yoshio, Kagata et al. 2006).
Figure 2.17 Polarzing optical micrographs of monomer 1: (a) on the nonmodified 
surface of a glass substrate with comb-shaped gold electrodes; (b) on the 
nonmodified surface of an ITO substrate; (c) on the surface of the 3-
(aminopropyl)triethoxysilane (APS)-modified; (d) on the surface of the APS-
modified ITO substrate (Yoshio, Kagata et al. 2006).
2.4.2 Phase transition under electric field 
There are also reports that phase transition happened under electric fields as observed 
from previous studies on the effects of electric fields on the phase transition on self-
assembled systems that studied block copolymers in a range of solvents (Amundson, 
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Helfand et al. 1994, Tsori, Tournilhac et al. 2003, DeRouchey, Thurn-Albrecht et al. 
2004, Xu, Zvelindovsky et al. 2004, Matsen, Griffiths et al. 2006, Tsori, Andelman et 
al. 2006, Tsori 2009, Giacomelli, da Silveira et al. 2010). Stepanek, et al. studied phase 
transition of the system of PS-b-PEP mixed with cyclohexane (CH) and 
dimethylformamide (DMF) under an external electric field and found a reversible 
cubic to hexagonal phase transition under an applied ~1.25 × 10 3 V/mm electric field 
(Giacomelli, da Silveira et al. 2010). It has been illustrated that less ordered layers of 
spherical microdomains in PS-b-PMMA thin films can undergo phase transition 
through ellipsoids to cylindrical microdomains under a ~ 40 × 10 3 V/mm electric field 
(Xu, Zvelindovsky et al. 2004). In each of these cases, changes in phase are from the 
more curved to the less curved phase sphere. To date, there are no studies on the effects 
of electric fields on ionic surfactants in solution, where the solvent is much more polar 
and the length, and presumably the role of thermals are quite different. These 
knowledge will contribute to the control of the alignment of the LLC phase under 
electric field towards desired destination.
2.5 Shear 
Rotation shear force was applied for orientation of the hexagonal liquid crystal phase 
of nonionic surfactant/water mixtures perpendicular to the flow direction. Different 
techniques were utilized for the measurement of the orientation in larger length scale,
including NMR, small angle light and neutron scattering (SALS, SANS) and 
microscopy. The results showed the orientation was found perpendicular to the flow
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direction as shown in Figure 2.18 (Schmidt, Muller et al. 1998).
Figure 2.18 Optical micrographs of hexagonal texture viewed under crossed 
polarizers: (a) at rest, and (b-d) with increasing shear deformation (Schmidt, 
Muller et al. 1998).
Rheology and magnetic resonance were combined to observe shear- and field-
dependent orientation of a wormlike micelle (WLM), a dynamic phase diagram was 
constructed (Figure 2.19) for better understanding of surfactant fluid dynamics in drug 
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delivery, tissue engineering, et al (Wilmsmeyer, Zhang et al. 2012).
Figure 2.19 Illustration of wormlike micelle (WLM) realignment. a, isotropic 
VROXWLRQRI:/0VSULRUWRVKHDUE:/0VXQGHUVWURQJVKHDUIORZȥ F
backflow and realignment with magnetic filed (B0) following cessation of shear, 
d, stable alignment with B0 (ȥ (Wilmsmeyer, Zhang et al. 2012).
2.6 Photo-alignment
The photoalignment technique plays an important role in the orientation of calamitic 
liquid crystals (CLCs, rod like molecules) and discotic liquid crystals (DLCs, disc like 
molecules) (Ichimura, Furumi et al. 2000). The photoalignment of the LC takes 
advantage of the interplay of an electric dipole transition of the chromophore when the 
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thin film with azobenzene side chains is exposed to linearly polarized light or obliquely 
with non-polarized light (Ichimura, Furumi et al. 2000). The structure of azobenzene
and the reaction with light is shown in Figure 2.20. For this property, the unit of 
azobenzene has been used in a variety of photoreorientation through being doped as 
side chain in different molecules of polymers (Ichimura 2000).
Figure 2.20 a: Molecular structure of Azobenzene, b: the reaction with light
(Merino and Ribagorda 2012).
The photoorientation of azobenzene chromophores has cooperative effect in 
reorientating the copolymer units of nonphotoactive mesogens. There are three types 
of reorientation of molecules in LC polymer layers induced by linearly polarized light,
37
as illustrated in Figure 2.21 (Fischer, Läsker et al. 1994).
Figure 2.21 Three types of molecular reorientation of photochromic liquid-
crystal polymers irradiated with linearly polarized light: No photoreorientation 
(A), selective photoreorientation of photochromic mesogens (B), cooperative 
photoreorientation (C) (Fischer, Läsker et al. 1994).
Photocontrol of azimuthal alignment of photochromic molecules due to the angular-
selective light absorption becomes the major interest of the photoorientation induced 
by irradiation with linearly polarized light. Three-dimensional photoorientation is 
illustrated in Figure 2.22. It is easier for azimuthal photoreorientation to take place in 
the direction vertical to the electric vector of the light than gradual toward the 
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propagation direction of the polarized light (Han, Morino et al. 1999, Ichimura 2000).
Figure 2.22 Schematic diagram of successive reorientation of azobenzene moieties 
tethered to a LC polymer backbone displaying in-plane reorientation, followed 
by homeotropic reorientation, upon reaction with linearly polarized 436 nm light
(Ichimura 2000).
Photo-alignment of liquid crystals has its own possible benefit for treating substrates 
of the liquid crystal display (LCD), compared to conventional rubbing or brushing, 
including: avoiding mechanical damage of the surface, electrostatic charges and 
impurities, and possibility to align the structures to the required LC director azimuth 
in selected area, then realizing pixel dividing to improve view angles. Azodye layers 
based photo-alignment was proposed for photo-aligned internal polarizers which are 
cost-effective and enable LCDs with good viewing angles and high brightness
(Chigrinov, Kwok et al. 2001).
In summary, lyotropical liquid crystalline templating is an ideal technique to produce 
oriented hexagonal cylindrical nanostructure for the synthesis of membranes in 
gaining high filtration efficiency at low cost. External force driven alignment, as a
clean and low energy consuming process, is selected to align the random oriented 
cylinders at nanoscale, and synchrotron SAXS will be used to undertake in situ
characterisation of the alignment process. This project is innovative but challenging.
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C H A P T E R  T H R E E
3. Materials and methodology
3.1 Introduction 
This chapter describes raw materials, procedures of sample preparation, setup of 
facilities, and theory and knowledge of characterisation including small angle X-ray 
scattering (SAXS), PLM, SEM, and TEM that are involved in this project.
Firstly, how to fabricate the Lyotropic liquid crystalline (LLC) nanostructured 
membrane is presented. Then, the alignment of LLC nanostructure under external 
fields, like magnetic or electric field are discussed, followed by the introduction of the 
main characterisation technique SAXS. SAXS section includes related basic theory, 
sample preparation, facility setup, and data reduction and analysis.
3.2 Materials, Fabrication & Alignment 
3.2.1 Materials.
The materials used in this work include monomers, surfactants and photoinitiator and 
the detailed information is as follows:
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Monomers:
Polyethylene glycol diacrylate (PEGDA) (Fomula, n=11, MW=575 g/mol), was
purchased from Sigma-Aldrich. 1, 6-Hexanediol diacrylate (HDDA) (Formula, 
C12H18O4, MW = 226.27g/mol), was also purchased from Sigma-Aldrich. PEGDA is 
hydrophilic, and HDDA is hydrophobic.
Surfactants:
Dodecyltrimethylammonium bromide (DTAB) (99%) (Formula, C15H34BrN, MW = 
308.34g/mol) was purchased from Sigma-Aldrich.
Photoinitiator:
2-hydroxy-2-methylpropiophenone (2-2) (97%) (Formula, C10H12O2, MW = 164.2 
g/mol) was purchased from Sigma-Aldrich.
Other chemicals:
Methanol (99.8%) was purchased from VWR International Ltd.
All chemicals were used as received. Their properties are listed in Table 3.1, and the 
structures of main chemicals are drawn in Figure 3.1.
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Table 3.1 Molecular weight and formula of chemicals.
Substance MW (g mol-1) Formula
PEGDA 575 C6+2nH6+4nO3+n (n=11)
HDDA 226.27 C12H18O4
DTAB 308.34 C15H34BrN
2-2 164.2 C10H12O2
PEGDA
HDDA
DTAB
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2-2
Figure 3.1 Structure of chemicals used in this project.
3.2.2 Fabrication of Nanostructures templated from LLC 
3.2.2.1 DTAB/water mixture in a capillary
Dry and grinded DTAB powder was mounted into the bottom of a quartz capillary (1.5 
mm) by vibrating with a fine file around the wall of a capillary of 1.5 mm diameter. 
Then low speed centrifugation (500~800 rpm) was used to keep the surfactant tightly 
packed and avoid the surfactant creeping on the wall. Next, appropriate amount of DI 
water was injected on top of the DTAB powder for swelling experiment by a syringe 
with a needle of 18 gauge. The capillary should be well sealed at the open end and 
placed in 70°C oven for equilibrium for 48 hours.
3.2.2.2 DTAB/water/PEGDA in a capillary
Sticky hexagonal phase of DTAB/water mixture was well prepared in situ at the bottom 
of the capillary, then proper amount of PEGDA was injected on top of the hexagonal 
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phase for swelling experiment. 
3.2.2.3 Mixture for in situ measurement of photo-polymerisation
The lyotropic liquid crystalline system was prepared by mixing surfactant (DTAB) 
with the mixture of monomer (PEGDA), distilled water (D-water), and photoinitiator 
(2-2), then diluted by methanol  (100 / 97 / 45.5 / 0.97 / 28.8 by weight). After that it 
was magnetically stirred in water bath (55qC) for 20 mins to be homogeneous.
3.2.2.4 Membranes with two monomers
Four different solution samples were prepared with the procedures above, by replacing 
PEGDA with mixture of PEGDA/HDDA in ratios of 4:0, 3:1, 2:2, and 1:3, respectively.
To prepare membranes, solution samples were sandwiched between two quartz slides, 
and sealed in a box, allowing water-filtered-nitrogen gas through for 30 mins to 
evaporate the methanol without losing water. After this, the sandwiched sample in the 
sealed box was photo-polymerised under a 300 ~ 400 nm UV light source (intensity 
2.0 mW/cm2) for 20 min.
To compare the nanostructure of the film before and after the surfactant was removed, 
part of the photo-polymerized film was peeled off from the glass and the other part 
was soaked in deionized water to remove the surfactant for 48 hours with a substitution
of D-water every 8 hours. The resulting membrane was well prepared after dried in a 
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freeze dryer.
3.2.3 Alignment of LLC nanostructure
3.2.3.1 Alignment under magnetic field
Solution samples were prepared by following the procedures described in Section 
3.2.2.3 but the pure water was replaced with magnetic nanoparticles in water. And 
vortex stirring and water bath (55 qC) were combined to improve the homogeneity of 
the samples. 
Magnet field & cell
Table 3.2 Magnetic field strength as a function of separation between magnet 
poles.
Air gap between sample and magnets Magnetic field strength (Tesla)
7 mm 0.270
50 mm 0.017
85 mm 0.005
(Calculator is provided by the supplier website, https://magnet.com.au/magnet-
strength-flux-calculator.html)
Magnetic field was made from two neodymium block (50mm × 50mm × 12.5mm, pull 
force: 42.9kg, purchased from AMF Magnetics) fitted in the frame as shown in Figure 
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3.2. The magnetic field strength can be changed by adjusting the distance between 
samples and magnets; the values of strength are calculated and shown in Table 3.2.
A cell for holding liquid samples was developed using parallel quartz windows to 
minimize x-ray adsorption and scattering with a spacer of 2 mm thick to define the 
beam length through the sample and a smooth and firm base to ensure the cell standing 
steadily. Materials were glued using epoxy resin (Selleys, Araldite, 24 mL). This cell 
allowed the beam horizontally going through the sample while the magnetic field 
applied vertically (Figure 3. 2b).
Figure 3.2 a: Magnetic field is consisted of two magnets positioned by an 
Aluminium frame; b: cell for magnetic alignment with in situ SAXS measurement.
Alignment of LLCs under magnetic field 
Alignment of the prepared liquid samples under a magnetic field of 270 mT was 
carried out with in situ SAXS measurement. The samples at 55°C were added to the 
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self-prepared cell and then placed in a vertically oriented magnetic field. Then the 
temperature was controlled by an electric heat gun (50 ~ 60 °C, 2000 W, Bosch) and 
measured with a K thermocouple. The in situ SAXS measurement started upon cooling 
process from 55 °C to ambient temperature.
Synthesis of aligned membranes
To prepare polymerised membranes with aligned structures, liquid samples confined 
between two glass slides at a template of 55 °C (± 3 °C) were placed in magnetic fields 
(270 mT, 17 mT, 5 mT and 0 mT, calculated based on the air gap between the sample 
and the magnets) vertically to field direction for half hour. Then the magnetically 
aligned samples were polymerized under a 300 ~ 400 nm UV light source (intensity 
2.0 mW/cm2) irradiation in nitrogen atmosphere for 20 min. The polymerised 
membranes collected from the slides were sealed in thin Kapton layers for SAXS 
measurement to avoid further evaporation of water during the measurement.
3.2.3.2 Electric field induced alignment 
Electric fields
The electric field for alignment is provided by two conductive glass slides: Indium tin 
oxide (ITO) coated glass and thin quartz glass slides with aluminium sputtering, 
applied for aligned membrane preparation in lab and in situ SAXS measurement in 
Synchrotron, respectively. ITO slides are hard enough to peeling membranes off after 
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photo polymerisation. Aluminium is good for conductivity and quartz is of low 
scattering of X-ray, so they are ideal for Synchrotron SAXS for a lower background 
scattering.
Aluminium sputtering
Aluminium sputtering was completed in Melbourne Centre for Nanofabrication 
(MCN). Before the sputtering, it is suggested to clean the quartz glass slides with 
Piranha (H2SO4: H2O2 = 3:1 by volume). The Piranha cleaning was done manually in 
lab, and the procedure diagram is illustrated in Figure 3.3.
Figure 3.3 Diagram of cleaning the quartz slides using Piranha
The dry and clean quartz slides are fixed to the holder of 8’’ for Aluminium deposition.
Sticky tape was used to fix each corner of the slides by covering an area as small as 
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possible. The thickness of aluminium sputtering is 1 μm with 10% variation over an
area of 8".
Cells
Cells were prepared with two conductive slides and round thin Teflon spacer allowing 
the beam to be parallel to the electric field (Figure 3.4), supposing that all hexagonal 
phases are ideally aligned parallel to the electric field along the length.
Power Source
Two different power sources were used. One is a simple DC power source (up to 70 
V) (Brand and Type) used in lab, the other one is IEEE-488 programmable high voltage 
power supply for Synchrotron in situ alignment.
Figure 3.4 Cell for in situ SAXS experiment. The beamline is parallel to the 
direction of alignment, the electrodes are made through sputtering aluminium on 
thin quartz glass slides.
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3.3 Analysis of Small Angle X-ray & Neutron Scattering
This section aims to outline the basic theory, measurement and analysis of small angle 
scattering (SAS). SAS is the main method to characterise the phases and evaluate the 
alignment of the LLC nanostructure of both solution and solid samples. Sample 
preparation, data reduction and setup parameters for the SAS measurement are 
discussed. Small angle scattering patterns will be used for phase assignment, 
identifying important dimensions of nanostructure, and for evaluation of the alignment 
of lyotropic liquid crystalline (LLCs) templates in an external field and the resultant 
template structure.
3.3.1 The basic theory of scattering
Scattering results from similar processes to microscopy in terms of the interaction 
(such as scattering and absorption) between matter and radiation. There are some 
significant differences which render these two techniques suitable for different 
scientific demands (Figure 3.5, Table 3.3). 
The main difference is that microscopy gets a picture through processing the scattered 
waves and reconstructing while there is a detector instead of lens to record the signals 
of SAXS - the scattered intensity, which is then processed mathematically in the mode 
of both average radius and azimuthal, which are important to assign the phase and 
analyse and evaluate the alignment. This means the result of scattering is 
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representative but ambiguous. And SAXS can measure the average values of the 
parameters of the structure over all objects, the whole illuminated sample volume 
while microscopy can only investigate one object or a small part of a sample.
Table 3.3 Comparison between scattering and microscopy.
Comparison Scattering Microscopy
Common Interaction between matter and radiation, e.g. scattering 
and absorption
Contrast is necessary for both
Difference Presentation 
of results
A detector to record 
signals of SAXS 
which will be 
processed 
mathematically.
Lens is used, a picture is got 
through processing the 
scattered waves and 
reconstructing
Statistic Average structural 
parameters over all 
objects or the whole 
illuminated sample 
volume
Investigate one object or a 
small part of a sample.
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Figure 3.5 Comparison of Microscopy and SAXS. After scattering and absorption, 
a lens of microscopy reconstructs the scattered waves into a picture; a detector of 
SAXS records the scattered intensity and then process mathematically. (The 
SAXS Guide_V2, Anton Paar)
Scattering occurs due to a spatial variation in scattering length density (SLD), ȡ, within 
the sample. Single scattering event occurs that incident wave on a material is scattered 
and the corresponding scattered wave radiates isotropic from the structural element. 
Many scattering events will happen to a system of many structural elements. If the 
distance between these structural elements is of the same order of magnitude as the 
incident wavelength, those scattered waves will interfere and form a diffraction pattern 
that can be collected by detector in somewhere far field. In three dimensions, the 
correlation function is defined in Equation 3. 1 by 
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߁(ݎ)
= ߮௦௣௛௘௥௘௦ ή οߩଶ
ή ቐ1 െ
3
2 |ݎ| ή (2ܴ)ିଵ +
1
2 |ݎ|ଷ ή (2ܴ)ଷ݂݋ݎ |ݎ| ൑ 2ܴ
0                                                            ݂݋ݎ |ݎ| > 2ܴቑ + ۃߩۄ 
ଶ
Equation 3. 1
The concentration ߮௦௣௛௘௥௘௦ accounts for many independent, but diluted spheres. The 
value ο² is the scattering length density difference between the sphere and the 
surrounding matrix (i.e. solvent). Then constent ۃߩۄ ଶ is the average scattering length 
density of the overall volume. What shown in Figure 3.6 could help understand this 
density correlation function.
Figure 3.6 Two identical shapes are displaced by a vector r. The convolution 
volume is the common volume (dark grey). This consideration leads for three-
dimensional spheres to the linear correlation function ࢣ(࢘) shown on the right.
In our research, small angle scattering of X-ray and neutron has been used. In X-ray 
scattering, the incident photons interact with the electrons, so that the bigger the 
element is, the greater effect the scattering will lead to. This means cross section varies 
uniformly with z (the number of electrons).
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In this project all measurements are interpreted under the assumption that the scattering 
is elastic (Figure 3.7).
Figure 3.7 A schematic representation of the transmission mode of small angle 
scattering.
For elastic scattering, it is a differential scattering cross-section of the probability of 
being scattered through a particular momentum transfer vector ࢗ. ࢗ is the difference 
between the incident wave vector, ࢑௜ and its corresponding scattered wave vector, ࢑࢙,
as illustrated in Figure 3. 7 and Equation 3. 2 (Garvey, Parker et al. 2004).
q = |ࢗ| = |࢑࢙ െ ࢑௜| =
4± sinߠ
¬ Equation 3. 2
where Ȝ is the wavelength of the radiation, and 2ș is the scattering angle.
Bragg’s law describes the relationship between the angular position of a maximum in 
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the scattered intensity of some radiation of wavelength l (e.g., ions, electrons, neutrons, 
and protons) and the characteristic distance of a periodic structure with a wavelength 
similar to the distance between the atomic or molecular structures of interest (Equation 
3. 3 (Jauncey 1929)).
݊ߣ = 2݀ sin ߠ Equation 3. 3
where ݀ is the distance between cylinders in hexagonal phase; and ߣ is the wavelength 
of the incident X-ray beam, n is an integer, and 2ߠ is the incidence angle. 
3.3.1.1 SAXS of LLC Phases
For small angle x-ray scattering (SAXS), the scattering elements of the samples are 
electrons which scatter incident x-ray. In the mesoscopic scale of surfactant phases, a 
continuous electron density profile rather than individual electrons is considered. 
Spatial correlation in the electron density profile is measured in the region of small 
angle x-ray scattering șThere is a contrast in the electron density profile between 
the higher electron density of the surfactant headgroups and water, and the lower
electron density of the acyl chains. Use possibilities of the tunable nature of the 
synchrotron X-ray beam, to access the K - edge of bromide ions (counter-ion for the 
DTAB surfactant), to perform an anomalous small angle diffraction (ASAXS) 
experiment. The aim here is to use the contrast variation to rigorously phase the Fourier 
reconstruction of hexagonal unit cell by examining the effect on peak intensity as a 
function of incident x-ray energy (Wiener and White 1992, Pan, Wang et al. 2006). In 
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a LLC system, the periodic arrangement of the headgroups like that of elements in a 
crystal lattice indicates the geometry of the LLC phase.  The Bragg peak q
corresponding to the inter-planar spacing d become of certain ratio of some phase in 
the system (Equation 3. 4).
ݍ௉௘௔௞ = ݊ ή
2ߨ
݀஻௥௔௚௚ Equation 3. 4
For Lamellar Symmetry: 1, 2, 3, 4, 5 … 
For the hexagonal phase in the DTAB-water system, the schematic is shown in Figure 
3.8. Planes (10) and (11) are featured for hexagonal phase.
And the ratio of peaks representing spacing is hexagonal symmetry: 1, 31/2, 2, 71/2, 3… 
(Table 3.4). This can be calculated from Equation 3. 5 (Kent, Garvey et al. 2010):
q୦୩ = ݍଵ଴ඥ(hଶ + hk +  kଶ) Equation 3. 5
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Figure 3.8 Schematic diagram of the hexagonal phase showing the interlayer 
spacing of the (10) (blue dashed lines) and (11) (red dashed lines)
Table 3.4 Space ratio and index of hexagonal phase.
Space Ratio (q) h k
1 1 0
¥ 1 1
2 2 0
¥ 2 1
3 3 0
¥ 2 2
¥ 3 1
4 4 0
¥ 3 2
¥ 4 1
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Cubic symmetry: 1, 21/2, 31/2, 2, 51/2 … as shown in Table 3.5. The general formula for 
cubic peak spacing is shown in Equation 3. 6.
q୦୩୪ =
2ߨξhଶ + kଶ + lଶ
ܽ Equation 3. 6
where a is the lattice constant.
Table 3.5 Space ratio and index of cubic phase.
Spacing Ratio Ia3d Pn3m Im3m
1
¥ 110 110
¥ 111
2 200 200
¥
¥ 211 211 211
¥ 220 220 220
3 221
¥ 310 310
¥ 311
¥ 222 222
¥
¥ 321 321 321
4 400 400 400
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3.3.2 SAXS instrumentation
SAXS instrumentation used in this project includes lab based instruments, like Bruker 
SAXS in ANSTO, and synchrotron beamline instruments, such as Australian 
Synchrotron SAXS. Compared with Bruker SAXS which takes hours to measure a 
sample, Synchrotron SAXS only needs seconds to make a measurement for it has high 
flux. But the latter one is more competitive to get access to, and each proposal round 
takes time to approve.
3.3.2.1 Australian Synchrotron facility overview
A synchrotron is a facility that accelerates electrons to extremely high energies under 
the action of magnetic fields (McMillan 1945). Synchrotron light has a number of 
unique properties including high brightness, wide energy spectrum, and high 
polarisation (McMillan 1945). For our work, Synchrotron has made a significant 
contribution for series of in situ measurements of the photopolymerisation and 
alignment under external fields, which is not possible by using XRD or lab SAXS.
59
Figure 3.9 Australian Synchrotron schema (from Australian Synchrotron 
website).
At the Australian Synchrotron, strong X-ray beams are generated through the 
following steps as shown in Figure 3.9:
1. Electrons are produced at the electron gun by thermionic emission from a 
heated tungsten matrix cathode.
2. The linear accelerator accelerates the electron beam to the energy of 100 MeV
over a distance of about 10 m.
3. The booster is an electron synchrotron 130 m in circumference. The booster 
takes the 100 MeV electron beam from the linear accelerator and increases its 
energy to 3 GeV.
4. The accelerated electrons are injected to the storage ring.
5. The synchrotron light given off by the storage ring is captured by individual 
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beamline.
6. Synchrotron light is applied for experiments.
3.3.2.2 Energy
Energy is used to change the q-range, limit beam damage, etc. and it is important that
the energy is appropriately decided.
Energy to wavelength conversion:
A photon is characterized by either an energy, denoted by E, or equivalently a 
wavelength, denoted by Ȝ. The energy of a photo (E) and the wavelength of the light 
(Ȝ) has an inverse relationship, expressed by the equation:
ܧ = ݄ܿߣ Equation 3. 7
where h is Planck’s constant and c is the speed of light,
h = 6.626 × 10ିଷସ݆݋ݑ݈݁ ή ݏ
c = 2.998 × 10଼ ݉ ݏΤ
So,  hc = 1.99 × 10ିଶହ݆݋ݑ݈݁ݏ ή ݉
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Considering SAXS dealing with “particles” like photos or electrons, a commonly used 
unit of energy is the electron-volt (eV) rather than joule (J). A photo is with an energy 
of 1 eV = 1.602 × 10ିଵଽܬ , as an electron volt is the energy required to raise an 
electron through 1 volt.
Hence, the constant for hc can be rewritten in terms of eV:
hc = (1.99 × 10ିଶହ݆݋ݑ݈݁ݏ ή ݉) × ൬ 1ܸ݁1.602 × 10
ିଵଽ݆݋ݑ݈݁ݏ൰ = 1.24 × 10ି଺ܸ݁ ή ݉
Therefore, the equation for the conversion between the energy and wavelength of a 
photon is expressed in the following equation:
E = ଵ.ଶସ×ଵ଴షల௘௏ή௠ఒ =
ଵ.ଶସ×ଵ଴య௘௏ή௡௠
ఒ
3.3.3 Usage of Small Angle X-ray Scattering
3.3.3.1 Sample preparation
According to the experience we have had with Synchrotron SAXS beamline, status of 
samples for SAXS includes solid membrane, powder, liquid and gel. It is ideal to 
choose proper holder for different sample in order to gain a best result, respectively. In 
general, the best cell for a sample is not only of low absorption of X-ray, but also 
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avoiding bringing any new noise signals, such as steady to make sure the same position 
and angle of measurement and having two parallel layers to ensure the same camera 
length, etc.
The detailed information is summarized in Table 3.6. And the images of kinds of 
holders are presented in Figure 3.10.
Table 3.6 Samples and holders/containers.
Samples Holders
Solid Membrane Aluminium plate with big holes (10~20mm)
Powder Plate or capillary
Liquid Quartz capillary ( diameter: 1.0~2.0mm)
Gel Aluminium plate with small holes (5mm), and 
sandwiched by Kapton sticky tapes in case of any 
unexpected evaporation.
Other in-situ 
experiment
Quartz cuvette, or other designed cell of low 
scattering materials
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Figure 3.10 Holders for different samples. a: Aluminium holder with holes 
(10~20mm); b: Quartz capillary of different diameter; c: self-designed cell with 
quartz windows; d: Aluminium holder with small holes (2 ~ 5mm)
3.3.3.2 SAXS measurement
q range
Setting a proper q-range according to the geometry of the samples to be tested is very 
important to acquire SAXS data of good quality. On one hand, the q range is required 
to be wide enough to include all expected peaks calculated according to the space ratio 
of different phases as missing any key peaks will either ruin all the hard work with 
SAXS or weaken the analysis of the data (peaks are too weak to be seen in higher q
area). On the other hand, considering the size of the detector is limited, it is expected 
to have a high resolution by exactly defining the q range in a zone rich of peaks which
requires to define the q range as short as possible while covering all the anticipated 
peaks. Access to a Lab-SAXS before the synchrotron SAXS beamtime can make a 
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good estimation of the q-range. 
SAXS measurements were performed at Australian Synchrotron SAXS beamline over 
a range of scattering vectors, q, 1.5 nm-1 < q < 8 nm-1. The x-ray wavelength ¬ was 
1.12713 nm, and the scattering angle was defined by a camera length to a Pilatus 
detector with 981 u 1043 pixels of dimensions. And the measurement temperature was 
set according to the need of different experiment condition. The success of a few 
beamline applications to access SAXS at Australian Synchrotron has contributed to 
the test of different camera lengths and temperatures, and successful collection of a 
large range of dataset.
Effect of X-ray on the samples
Before the measurement on the samples, it is important to test the effect of X-ray on 
the samples by comparing the data collected from the same point by adjusting exposure 
time and flux. Most likely, polymer samples are easy to be damaged under the exposure 
to X-ray in the form of mass loss and chemical structure changes (Coffey, Urquhart et 
al. 2002). It was found in our synchrotron SAXS experiment that X-ray beam could 
damage the samples when a monomer was added (Figure 3.11) while no damage was 
found to samples without any monomer.
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Figure 3.11 Photo of polymer sample damaged by X-ray irradiation.
3.3.3.3 Data reduction
Software
ScatterBrain is IDL based platform for Australian Synchrotron data, and does not need 
to subtract the background manually before data reduction; it is convenient to look 
through the 2-D pattern in series.
FIT2D is for reducing 2D data into 1D from European Synchrotron Research Facility 
(ESRF) available to large variety of platforms, has stable “industry standard” and 
graphical user interface as well as text or macro based interface. In this thesis, all the 
SAXS data has been reduced with FIT2D into average radius for phase assignment 
and azimuthal mode for evaluation of alignment. The log and XML files were needed
to load the data.
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Subtraction of background
It is important to make a correct background subtraction. The experimental scattering 
curves must be scaled by their respective transmittance values, when the sample in the 
matrix absorbs more than the matrix.
Absorption-corrected background subtraction would be
οI(q) = ܫ௦(ݍ)
ௌܶ
െ ܫெ(ݍ)
ெܶ
Equation 3. 8
where οܫ(ݍ) is the scattering intensity of the sample, ܫௌ(ݍ) and ܫெ(ݍ) is the intensity 
of sample and matrix versus the q value, separately. ௌܶ and ெܶ is the transmittance of 
the sample and the matrix, respectively.
்݂ = ெܶ
ௌܶ
= ܫௌ௕௦ܫெ௕௦ = 2.46 Equation 3. 9
Therefore, 
οI(q) =  ܫ௦(ݍ) ή ்݂ െ ܫெ(ݍ) Equation 3. 10
Background subtraction is done within a spreadsheet according to the equation above. 
There is comparison background subtraction between this method and using software 
fit2d. As shown in Figure 3.12, subtraction using Equation 3. 10 looks more flat at 
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high q zone, so it is considered to be a better result.
Figure 3.12 Background subtraction with software Fit2d (top) and Equation 3. 
10 (Bottom). 
Scale the transmission to the sample thickness
Sometimes, the thickness of different samples is different, so for the same materials, it 
is possible to calculate transmission of another sample with a different known 
thickness.
The measured transmitted intensity I can be calculated as follows (Equation 3. 11):
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T = ܫܫ଴ = ݁
ିఙ௟ே Equation 3. 11
where ܫ଴ and ܫ are the intensity (power per unit area) of the incident radiation and the 
transmitted radiation, respectively; ߪ is the attenuation cross section, ݈ is the distance 
the light travels through the materials (i.e., the path length) and ܰ is the concentration 
(number per unit volume) of attenuating medium.
3.3.3.4 Data analysis
Software Origin is used in the thesis for plotting and further peak fitting after data 
reduction with FIT2D.
SAXS data was analysed in two forms of profiles, namely, intensity versus q and 
azimuthal angle according to the demand of analysis, respectively (Figure 3.13). 
Information on phase assignment can be referred to the section of SAXS of LLCs 
phases.
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Figure 3.13 a: Intensity versus q profile of the sample DTAB in water is for phase 
assignment according to the ratio of peak q and for calculation of d-space 
according to peak q value; b: Intensity versus azimuthal angle profile of the 
sample LLCs doped magnetic particles is for comparing the FWHM to evaluate 
the alignment at different moment exposing in magnetic field.
3.3.4 SANS with contrast variation
Dodecyltrimethylammonium Bromide (DTAB) will be tail deuterated as a vital 
contrast agent for small angle neutron scattering (SANS) studies of aligned hexagonal 
phases.
Structural characterisation from contrast variation series may be carried out at low 
resolution using variation of scattering in a Porod region of the template 
dodecyltrimethammonium bromide (DTAB) using mixtures of deuterated and 
hydrogenated surfactants. It may be possible to attempt some crystallographic 
reconstruction using the phasing information inherent in the contrast variation series
(Harper, Mannock et al. 2001). This analysis requires sample to detector distance 
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(SDD) optimised to cover the hexagonal phase at the best q. It is necessary to obtain a 
reliable incoherent background and scattering from the hex interior interface before 
the analysis and the determination of SDD (Kent, Garvey et al. 2010).
3.3.5 Fitting with different function
Fitting functions include Gaussian and Lorentz functions; the former one is excellent 
to fit the peak, the latter one could be used to fit the wings of the peak. Voigt function 
has the capacity of both Gaussian and Lorentzian functions and can be symmetric and 
asymmetric.
3.3.5.1 Voigt Function
Symmetric fitting with Voigt function (Equation 3. 10):
y
= ݕ଴ + ܣ
2 ln 2
ߨଷ ଶൗ
௅ܹ
ீܹଶ
න ݁
ି௧మ
(ξln 2 ௅ܹ
ீܹ
)ଶ + (ξ4 ln 2 ݔ െ ݔ௖
ீܹ
െ ݐ)ଶ
݀ݐ
ାן
ିן
Equation 
3. 12
For hexagonal phase, the function could be adjusted as follows (Equation 3. 11):
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y
= ݕ଴
+ ܣଵ
2 ln 2
ߨଷ ଶൗ
௅ܹଵ
ீܹଵଶ
න ݁
ି௧మ
(ξln 2 ௅ܹଵ
ீܹଵ
)ଶ + (ξ4 ln 2 ݔ െ ݔ௖
ீܹଵ
െ ݐ)ଶ
݀ݐ
ାן
ିן
+ ܣଶ
2 ln 2
ߨଷ ଶൗ
௅ܹଶ
ீܹଶଶ
න ݁
ି௧మ
(ξln 2 ௅ܹଶ
ீܹଶ
)ଶ + (ξ4 ln 2 ݔ െ ξ3ݔ௖
ீܹଶ
െ ݐ)ଶ
݀ݐ
ାן
ିן
+ ܣଷ
2 ln 2
ߨଷ ଶൗ
௅ܹଷ
ீܹଷଶ
න ݁
ି௧మ
(ξln 2 ௅ܹଷ
ீܹଷ
)ଶ + (ξ4 ln 2 ݔ െ 2ݔ௖
ீܹଷ
െ ݐ)ଶ
݀ݐ
ାן
ିן
 
Equation 
3. 13
Three peaks were fitted as the other peaks are very weak compared with the first 3 
peaks. The fitting result is shown in Figure 3.14. Regular residual is helpful to evaluate
the fitting. The parameters in Table 3. 7 are all from the fitting.
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Figure 3.14 Plotting of unfitted, regular residual and fitted curves.
 
Table 3.7 The result of fitting with Voigt Function.
Peak 
Index 
Peak 
type 
Area 
Intg 
FWHM Max Height Area 
IntgP 
1 Voigt 2921.9 0.02857 73251.78971 99.65617 
2 Voigt 3.6596 0.02857 99.49177 0.12482 
3 Voigt 6.4215 0.02857 177.95996 0.21902 
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3.3.5.2 Gaussian function
Symmetric fitting with Gaussian function (Equation 3. 14):
݂(ݔ) = ܽ ݁ݔ݌ ቆെ (ݔ െ ܾ)
ଶ
2ܿଶ ቇ Equation 3. 14
where the parameter a is the height of the curve’s peak, b is the position of the center 
of the peak and c controls the width of the “bell”.
Symmetry of hexagonal phase is 1: 31/2: 41/2: 71/2: 91/2: 121/2, so the Gaussion function 
for hexagonal phase is as follows in Equation 3. 15
݂(ݔ) = ܽଵ ݁ݔ݌ ቆെ
(ݔ െ ܾ)ଶ
2ܿଶ ቇ
+ ܽଶ ݁ݔ݌ ൭െ
൫ݔ െ ξ3ܾ൯ଶ
2ܿଶ ൱
+ ܽଷ ݁ݔ݌ ቆെ
(ݔ െ 2ܾ)ଶ
2ܿଶ ቇ
+ ܽସ ݁ݔ݌ ൭െ
൫ݔ െ ξ7ܾ൯ଶ
2ܿଶ ൱
+ ܽହ ݁ݔ݌ ቆെ
(ݔ െ 3ܾ)ଶ
2ܿଶ ቇ+ ݀
Equation 3. 15
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where ai (i =1, 2, 3, 4, 5) is the height of the curve’s peak, b is the position of the centre 
of the first peak (100) in hexagonal phase, c controls the width of the “bell” and is 
related to the full width at half maximum (FWHM) of the peak, d is the value that the 
function asymptotically approaches far from the peak, or the baseline.
Figure 3.15 Gaussian fitting result.
And the Gaussian fitting result is shown in Figure 3.15 Gaussian function fits the peak 
better than the wings.
3.3.5.3 Lorentz function
Symmetric fitting with Lorentz function (Equation 3. 16):
ܮ(ݔ) = 1ߨ
1
2߱
(ݔ െ ݔ଴)ଶ + (12߱)ଶ
Equation 3. 16
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where ݔ଴is the centre and ߱ is a parameter specifying the width. 
For hexagonal phase, the Lorentz function becomes as follow in Equation 3. 17.
ݕ = ݕ଴ +
2ܣଵ
ߨ
߱ଵ
4(ݔ െ ݔ଴)ଶ + ߱ଵଶ
+ 2ܣଶߨ
߱ଶ
4൫ݔ െ ξ3ݔ଴൯ଶ + ߱ଶଶ
+ 2ܣଷߨ
߱ଷ
4(ݔ െ 2ݔ଴)ଶ + ߱ଷଶ
+ 2ܣସߨ
߱ସ
4(ݔ െ ξ7ݔ଴)ଶ + ߱ସଶ
+ 2ܣହߨ
߱ହ
4(ݔ െ 3ݔ଴)ଶ + ߱ହଶ
Equation 3. 17
A, A2, A3, A4, A5, are the amplitude, and ߱ଵ , ߱ଶ, ߱ଷ, ߱ସ, ߱ହ, are the width of the 
first 5 peaks of hexagonal phase, respectively.
The Lorentz fitting results are illustrated in Figure 3.16, and the residual was plotted 
in Figure 3.17.
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Figure 3.16 Symmetric Lorentz fitting.
Figure 3.17 Plotting of regular residual and fitting with symmetric Lorentz 
function.
It is noticed that the first peak of hexagonal phase is asymmetric, reflecting from the 
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symmetric Lorentz fitting. And it has been double checked the asymmetric is not for 
the background subtraction.
3.3.5.4 Asymmetric fitting with Lorentz function
Considering that the first peak is much larger than the other peaks of the hexagonal 
phase, the discussion of asymmetric Lorentz fitting will focus on the first peak, 
supposing the other peaks are symmetric (Figure 3.18, Figure 3.19).
For the first peak,
ܮ(ݔ) = ݕ଴ + ஺భగ
ఠభೃ
(௫ି௫బ)మାఠଵೃమ (ݔ > ݔ଴)
ܮ(ݔ) = ݕ଴ + ஺భగ
ఠభಽ
(௫ି௫బ)మାఠభಽమ    (ݔ < ݔ଴) Equation 3. 18
ݔ଴ is the center of the first peak, ߱ଵ௅ and ߱ଵோ are the width of the left hand side and 
right hand side of the first peak.
For software Origin, the code is used for fitting as follows:
// Beginning of editable part
If (x < ݔ଴)
{
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ܮ(ݔ) = ݕ଴ +
ܣଵ
ߨ
߱ଵ௅
(ݔ െ ݔ଴)ଶ + ߱ଵ௅ଶ
}
Else
{
ܮ(ݔ) = ݕ଴ +
ܣଵ
ߨ
߱ଵோ
(ݔ െ ݔ଴)ଶ + ߱ଵோଶ
}
Adding another two peaks following the first peak, the function becomes as follows:
ݕ = ݕ଴ +
ܣଵ
ߨ
߱ଵ௅
(ݔ െ ݔ଴)ଶ + ߱ଵ௅ଶ +
2ܣଶ
ߨ
߱ଶ
4൫ݔ െ ξ3ݔ଴൯ଶ + ߱ଶଶ
+ 2ܣଷߨ
߱ଷ
4(ݔ െ 2ݔ଴)ଶ + ߱ଷଶ  (ݔ < ݔ଴)
ݕ = ݕ଴ +
ܣଵ
ߨ
߱ଵோ
(ݔ െ ݔ଴)ଶ + ߱ଵோଶ +
2ܣଶ
ߨ
߱ଶ
4൫ݔ െ ξ3ݔ଴൯ଶ + ߱ଶଶ
+ 2ܣଷߨ
߱ଷ
4(ݔ െ 2ݔ଴)ଶ + ߱ଷଶ  (ݔ > ݔ଴)
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Figure 3.18 Asymmetric Lorentz fitting.
 
Figure 3.19 Plotting of regular residual and fitting with asymmetric Lorentz 
function. 
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 Figure 3.20 Comparison of Voigt and Lorentz fitting on the same curve.
Table 3.8 Fitting results of Voigt and Lorentz.
A1 A2 A3 W1 W2 W3 R-
square
Symmetric_Voigt 2921.9 3.6 6.4 0.02857 0.02857 0.02857 0.94045
Asymmetric_Lorentz 2910 3.8 7 0.028 0.029 0.029 0.96426
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Comparison of Voigt and Lorenz fitting on the same curve are simply presented in 
Figure 3.20 and the parameters from the result are summarized in Table 3.8.
The work on curve fitting could give an idea on how the fitting can be developed, 
evaluated and improved. Several functions including Voigt, Lorentz, and Gaussian 
were tried in this fitting, also tried for asymmetric fitting. And most of the fitting is 
about hexagonal phase, similar procedure can be used for cubic phase, only the fitting 
function need follow the cubic symmetry. For example, Lorentz fitting with cubic 
phase is depicted in Equation 3. 19.
3.3.5.5 Lorentz fitting with Cubic phase
ݕ = ݕ଴ +
2ܣଵ
ߨ
߱
4(ݔ െ ݔ଴)ଶ + ߱ଶ
+ 2ܣଶߨ
߱
4൫ݔ െ ξ6ݔ଴൯ଶ + ߱ଶ
+ 2ܣଷߨ
߱
4(ݔ െ ξ8ݔ଴)ଶ + ߱ଶ
+ 2ܣସߨ
߱
4(ݔ െ ξ14ݔ଴)ଶ + ߱ଶ
+ 2ܣହߨ
߱
4(ݔ െ 4ݔ଴)ଶ + ߱ଶ
Equation 3. 19
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3.4 Other Characterisation Methods
3.4.1 Crystalline structure and alignment characterization
Polarized light microscope (PLM) 
PLM (Olympus DP71) with a cross polarizer was utilized to observe the phase 
behaviour of various as-prepared samples before and after photo-polymerisation, e.g., 
surfactant-water system, surfactant-water-monomer system. Birefringent light patterns 
featured for specific hexagonal phase of LLC nanostructure were analysed in the image 
from PLM. Liquid samples were placed between a glass slide plate and a cover slip, 
then under the light on the manually movable stage.
Powder X-ray diffraction (XRD) 
The characterisation of crystal structures was performed by the X-ray diffraction 
(XRD) spectroscopy. In the experiment, a Panalytical X'Pert PRO MRD X-ray 
diffractometer with Cu-KĮradiation over a șrange of 1 ~ 15° at a step width of 0.02° 
was used. The operation voltage and current were set at 40 kV and 30 mA, respectively, 
for both diffractometers. The crystal size and lattice parameter analysis were 
conducted by Jade 5.0 software.
3.4.2 Chemical analysis 
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Fourier Transform Infra-Red (FTIR) 
The FTIR spectra were recorded on a Bruker Vertex-70 instrument using attenuated 
total reflectance (ATR) mode. Prepared solid samples were added to KBr powder in a 
ratio of 1:100 and grounded evenly to make a KBr disk. Average 32 scans for a 
spectrum were recorded in the standard wavenumber range of 400 ~ 4,000 cm-1 at a 
resolution of 4 cm-1. A DigiTech DLATGS detector with integrated preamplifier is 
adopted to equip the spectrometer. The standard beam splitter was a Ge-based coating 
on KBr and the scanner velocity is 6 Hz.
3.4.3 Morphology characterization 
Scanning electron microscopy (SEM) 
The surface and cross section morphology of the membrane samples after surfactant 
removal were characterised using a Supra 55V field-emission scanning electronic 
microscope. A gold coater (VG/Polaron SC 7620 sputter coater) was used to coat a 
thin gold layer on the dry membrane samples before observation.
Transmission electron microscopy (TEM)
The morphology of the particles doped in the samples was characterized by TEM using 
a Philips CM-120 microscope with the beam energy of 120 kV and a JEOL JEM-2100
microscope with the beam energy of 200 kV. TEM specimen was prepared by 
evaporating a drop of the nanoparticle dispersion on a carbon-coated specimen grid.
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Brunauer-Emmett-Teller (BET) Surface area and pore-size analysis 
The specific surface area and pore size of the porous membrane was analysed using 
the Brunauer-Emmett-Teller (BET) gas absorption method with a Micromeritics 
Tristar 3000 system. All samples were dried at 100 °C for 2 hours under a high purity 
nitrogen gas flow prior to analysis.
3.4.4 Hydrophicility analysis 
Water uptake / Network Swelling
This was investigated using gravimetric analysis. Dried polymer membrane sample 
after removal of surfactants by soaking in water was weighted (Wd), then soaked in D-
water at room temperature for an extended period of time. To record the weight (Ws)
of the hydrated sample, it was removed from the water and patted the surface dry, 
which was repeated until the mass without significant change in function of time 
(Clapper and Guymon 2006).
The water uptake of the sample can be calculated as follows:
Water uptake (%) = Wୱ െWୢWୢ × 100%
Contact angle 
Contact angle measurement is useful to analyse the surface wettability of samples with 
different two monomers in different ratios. Water contact angles were measured using 
a contact angle metre (KSV CAM200 instruments Ltd., Finland). Three different 
points per specimen were tested for a mean value. The interval of the frames captured 
by camera was set at a fast mode at 10ms.
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3.4.5 Mechanical analysis
Dynamic mechanical analyser (DMA)
Dynamic mechanical analyser (DMA) (TA Instrument Q800 series) was used for 
measuring mechanical properties of the polymer membrane by the compressive test. 
And the sample was cut into a disk shape with a size of 2mm (thick) × 20 mm 
(diameter). Before the test, it requires a careful calibration considering this instrument 
can run different modes.
3.4.6 Thermal analysis 
Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (PerkinElmer Pyris 1 TGA) was employed to study the 
thermal degradation properties of the templated samples. The analysis was conducted on 
10 mg sample under a nitrogen flow (20 ml/min) and at a heating rate of 10 °C/min.
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C H A P T E R  F O U R
4. Fabrication of nanostructured membrane 
from hexagonal lyotropic liquid crystalline 
template
4.1 Introduction
Nanostructured membranes are widely demanded. Nano-scale long-range order and 
good mechanical property are vital for applications such as gas separation (Bara, 
Kaminski et al. 2007), water purification (Hatakeyama, Gabriel et al. 2011) and fuel 
cell (Tsuchiya, Lai et al. 2011). A well-aligned porous nanostructure of the polymer 
membranes is vital to improve the nanofiltration efficiency in term of controllable 
molecular-scale-selectivity. This chapter examines the fabrication of long-range 
ordered nanoporous membrane through LLC templating. LLCs have the ability to self-
assemble into highly ordered fluid phases with features of 1-10 nm period, including 
lamellar, hexagonal and cubic phases and they play an important role in controlling
the structure and morphology (Zhou, Kidd et al. 2005, Gin, Pecinovsky et al. 2008,
Wang, Chen et al. 2009). The variety of morphologies templated from LLCs depends 
on the concentration and temperature of the surfactant in the solvent (Kelker 1980,
Collings and Hird 1997).
Hexagonal phase contains cylindrical aqueous channels and can be used as template 
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to produce molecular-size-selective aqueous nanoporous membrane (Zhou, Kidd et al. 
2005, Vallooran, Negrini et al. 2013). Both the hexagonal structure and the mechanical 
strength and durability are important for synthesizing LLC templated porous 
membranes. Firstly, how to retain the original order of the oriented LLC template 
through the synthesis process is an important question. It has been reported that the 
morphologies after polymerization are much different from the original structure in 
LLC system, such as collapse of the hexagonal nanostructure (Antonietti, Caruso et al. 
1999, DePierro, Carpenter et al. 2006). Templated photo-polymerisations of organic 
monomers with various chemical nature own various polymerization kinetics, which 
can significantly change the morphology of the resulting polymer which is related to 
the retention of the original LLC phases (Lester, Colson et al. 2001). Secondly, the 
function of nanofiltration requires the membranes having proper mechanical strength 
and durability. It has been reported that immiscible monomers could be compatible in 
the presence of an amphiphile surfactant in aqueous solution, also present increasing 
mechanical property with increasing concentration of the hydrophobic component of 
high modulus (Clapper and Guymon 2006).
This chapter is a fundamental study designed to investigate how the nanostructure of 
a binary system (surfactant in water) is influenced by the addition of a monomer for 
subsequent polymerisation. The phase behaviour of dodecyltrimethylammonium 
bromide (DTAB) in water is first investigated. This is followed by an investigation of 
the effect of adding the monomer polyethylene (glycol) diacrylate (PEGDA) into the 
binary system.  A capillary swelling experiment was used to study the phase diagram 
of a sample prepared by swelling one component into the other one to form a 
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concentration gradient in a capillary. 
An in situ SAXS structural characterization during photo-polymerization of the 
PEGDA in the DTAB hexagonal phase was measured using synchrotron radiation. The 
aim was to observe structural changes during polymerisation. Two monomers, 
hydrophilic PEGDA and hydrophobic hexane-1, 6-diol diacrylate (HDDA), were tried 
to cross link the original nanostructure of the template with the aim of retaining the 
desired hexagonal LLC nanostructure. The mechanical performance of membranes 
with these two monomers in different ratios were tested and compared and an 
optimized ratio was selected for membrane synthesis.
4.2 The DTAB-water system
The molecular structure of DTAB and the arrangement of the molecules into the self-
assembled hexagonal phase in aqueous solution are shown in Figure 4.1. Two ends of 
the DTAB molecule have different hydrophobic and hydrophilic properties. Maximum 
length of the DTAB molecules is 1.67 nm according to Equation 4.1. The DTAB 
molecules self-assemble into a hexagonal phase with hydrophilic headgroups 
surrounding hydrophobic hydrocarbon tail in the centre of each cylinder when the 
concentration of DTAB in water in the binary system is between 56 ~ 80 wt%
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(McGrath 1995). The effect of the monomers on the phase diagram is unknown.
Figure 4.1 Schematic of DTAB molecule’s assembly into hexagonal phase.
ܫ௠௔௫ = 1.5 + 1.265݊௖  (Å) Equation 4. 1
The phase diagram of DTAB in water was checked through swelling experiment in a 
capillary which enables one sample having concentration gradient versus different 
phases. A schematic of the capillary swelling experiment procedures is shown in 
Figure 4.2. DTAB and water were sequentially filled into the capillary (diameter 2.0 
mm). The DTAB powder was packed to the bottom of the capillary via vibration 
around the wall. Water was layered on top of the DTAB in the capillary via syringe 
with a 1.8-gauge.
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Figure 4.2 a: Phase diagram of DTAB in water (red dash line cross the phase 
diagram at room temperature); b: diagram of swelling experiment in capillaries.
As water diffuses into the DTAB in water, a concentration gradient is established until 
finally the mixture of DTAB and water becomes homogenous. Thus it becomes 
possible to encode various compositional lines along the phase diagram (see Figure 
4.2) in the position between the pure DTAB and water. The phases in the capillary 
were identified using the polarized light microscope (PLM, cf 3.4.1) during the 
swelling process. Also, the phases at stage 2 were accurately measured with position 
resolved Synchrotron SAXS of wavelength Ȝ  Å and sample to detector 
distance of 978.55 mm, in a tiny set step from 32.8mm to 45.3mm (high to low 
concentration of DTAB) along the capillary.
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Figure 4.3 SAXS profiles of phases of binary DTAB/ water system tested along 
the decreasing direction of DTAB content. 
SAXS profiles of binary DTAB / water system in capillary are shown in Figure 4.3. It 
well presents different liquid crystalline phases, coexistence of lamellar and cubic 
phase, coexistence of cubic and hexagonal phase, then hexagonal and micellar phase 
(far to close side of Figure 4.3). There exists along high to low direction of DTAB 
content in the capillary swelling system at room temperature (28 °C). The assignment 
details of lamellar, cubic, and hexagonal phase can be found in Table 4.1, Table 4.2
and Table 4.3, respectively. This agrees well with the reported phase diagram of DTAB 
/ water system at 28°C (Figure 4.2a) (McGrath 1995). The capillary sample clearly 
presented lamellar, cubic, hexagonal and micelle phases when the concentration of 
DTAB decreased in water at room temperature (28 °C), efficiently in just one capillary. 
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This brings in practical experience in observing and characterizing both individual and 
coexisted LLC phases. For the desired hexagonal phase, it shows a wide zone in the 
applied conditions so that surfactant DTAB is stable enough to act as hexagonal 
template for ordered nanoporous membrane synthesis.
Table 4.1 Assignment of lamellar phase.
Table 4.2 Assignment of cubic (Ia3d) phase.
Peak position in q (nm-1) Spacing ratio Phase assignment 
(Ia3d)
1.877 6 211
2.173 8 220
2.896 14 321
Table 4.3 Assignment of hexagonal phase.
Peak position in q (nm-1) Spacing ratio Phase assignment
1.843 1 100
3.193 3 110
3.691 4 200
4.888 7 210
Peak position in q (nm-1) Spacing ratio Phase assignment
2.896 1 100
5.973 2 200
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4.3 The DTAB-water-PEGDA system
PEGDA is added into the binary DTAB/water system to form a ternary system. 
PEGDA is a hydrophilic monomer (Brandrup, Immergut et al. 1999), and will be 
solubilized by the surfactant in water. In this section, the swelling experiment in a 
capillary was employed to understand the perturbation to phase behaviour of DTAB 
by PEGDA. A compositional gradient in the phase diagram of the ternary system from 
100 weight % DTAB/water to 100 weight % PEGDA (cf Figure 4.2). 
Figure 4.4 SAXS profile of hexagonal phase of DTAB-water system; peaks are 
indexed. Inset is PLM image of hexagonal phase.
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The hexagonal phase of DTAB-water was prepared and equilibrated in the capillary. 
The presence of the hexagonal phase was checked with PLM and SAXS. The result of 
SAXS is shown in Figure 4.4 and the index of hexagonal peaks in q is for calculation 
of the dimension of the unit cells. For example, qmax 100 and qmax 110 is versus space 
distance D 100 and D 110 (Figure 4.5). The monomer PEGDA was injected on the top 
of the DTAB hexagonal phase. After the air between the two solutions was removed 
the capillary was well sealed and placed in an oven for 30 minutes to accelerate mixing 
between the two phases. After 48 hours, the capillary sample containing the gradient 
of compositions was characterised with position resolved Synchrotron SAXS (cf
section 4.2).  The measurement is between pure hexagonal DTAB/water end at 32.8 
mm to pure PEGDA area at 42.8 mm on the x-axis of SAXS beamline.
Figure 4.5 Schematic of hexagonal array of nanostructured cylinders, each circle 
stands for a cylinder formed by DTAB molecules. D100 and D110 indicate the d-
spacings versus q max 100 and q max 110, respectively.
The calculation of d-space is calculated according to Equation 4.2, and the result is 
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shown in Table 4.4.
ܦ = 2ξ3ܦଵ଴଴ =
2
ξ3 
2ߨ
ݍଵ଴଴ = 2
2ߨ
ݍଵଵ଴ Equation 4. 2
Table 4.4 Calculation d-space versus q-space.
Peak* q (nm-1) d-space (nm) D (nm)
100 1.843 3.409 3.936
110 3.193 1.968
200 3.691 1.702
210 4.888 1.285
300 5.539 1.134
*miller indices relative to d-spacings in Figure 4.5.
The SAXS patterns are shown as a function of the measurement position on the 
capillary (Figure 4.6). The PEGDA content increases with decreasing value of the
measuring position. It seems that adding PEGDA did not destroy the hexagonal phase 
in a long measuring distance, and the two hexagonal phases coexisted with decreasing 
intensity connected with the PEGDA rich area losing characteristic peaks of hexagonal 
phase, until the micellar phase appeared in the PEGDA rich side. The new hexagonal 
phase is assigned and labelled at relatively high q position as shown in Figure 4.6.
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Figure 4.6 1D SAXS patterns as a function of the measuring position on the 
swelling sample of hexagonal DTAB in water and monomer PEGDA.
To compare the change of the peaks versus the increasing measure distance, three 
SAXS curves at different measurement positions (starting point, 5mm and 10mm) 
were plotted in Figure 4.7. Generally, peaks shift slightly to high q direction. For 
example, the main peak between 1.503 and 1.542 nm-1 is shifting to high q when the 
measurement point moves from the starting point to the higher monomer content 
direction. And it can be seen more clearly here that the hexagonal phase is losing the 
characteristic peak with increasing PEGDA content and gaining micellar phase. It is 
interesting to further investigate how the nanostructure changes with the amount of 
monomer diffused into the template.
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Figure 4.7 Comparison of the peaks shifting at different measuring positions.
The d-spacings in the hexagonal arrays are shown in Figure 4.5 and the size of unit 
cell (distance between two cylinders) can be calculated according to Equation 4. 1.
The relationship between the size of unit cell and PEGDA concentration is plotted in 
Figure 4.8. It seems the size of the unit cell decreases with the increasing PEGDA 
content in a shorter length period. Within the measured difference of concentration, 
the unit cell decreased 0.123 nm.
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Figure 4.8 Dimension of hexagonal unit cell changing with the distance to the 
starting measuring point which increases to reflect the decreasing amount of 
monomer.
Furthermore, the comparison between two unit cells in binary (without) and ternary 
(with PEGDA) systems is shown in Figure 4.9. It is clear that the data (4.828 nm) of 
the ternary system steadily increases by 0.892 nm when compared to 3.936nm of the 
binary system. This indicates PEGDA swelled into the hexagonal DTAB/water system,
which increased the dimension of the hexagonal unit cell. It is not difficult to 
understand that when PEGDA is added into binary system, the non-ionic PEGDA 
molecules interact with the inorganic parts by the H-bonding (Soler-Illia, Sanchez et 
al. 2002, ALOthman 2012). Adding of PEGDA into the assembly of cylinders (Figure 
4.1) increases the size of the nanostructure.
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Figure 4.9 Comparison of size of hexagonal unit cells between binary and ternary 
systems.
Lastly, swelling experiment in capillaries has some important advantages to study the 
effects of additives on phase diagrams, and the conservation and important dimensions 
of hexagonal phases. A large range of compositions can be explored in a single 
capillary through the concentration gradient of two phases at either end of the capillary. 
The technique allows a destination phase to be easily and efficiently located with the 
use characterisation technique SAXS which can test samples of many individual 
concentrations. The drawback of the technique is that while the composition of the 
sample is encoded in displacement the composition cannot be independently
determined.
In this section, it is concluded that adding proper amount of PEGDA into the hexagonal 
template increases the dimension of the hexagonal unit cell to relatively uniform level 
100
and overdose of PEGDA can destroy the hexagonal array of the cylinders into micelles. 
This could give an idea to control the pore size of polymeric membranes by adding 
monomers with different swelling extent into the template. In future, it is interesting 
to study how PEGDA contributes to change the hexagonal phase in details.
4.4 Photo-polymerisation
4.4.1 Principle of the photo-polymerisation
 
In photo-polymerisation, a monomer forms radical which can initiate the 
polymerisation reaction. In practical applications, a photo-initiator is used to produce 
the radicals. The photo-initiator absorbs incident UV radiation of excitation 
wavelength from the exposure lamp and splits into free radicals, which initiate 
polymerization of the monomer with unsaturated bonds (Chilton and Goosey 1995).
In our study, 2-hydroxy-2-methylpropiophenone (2-2) and PEGDA were used as a 
photo-initiator and monomer, respectively, and a 300 ~ 400 nm UV light source 
(intensity 2.0 mW/cm2) was applied to polymerise the materials, as shown in Figure 
4.10.
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 Figure 4.10 Mechanism of photo-polymerisation. a: Radical is produced by 2-2
exposing to the UV light source; b: PEGDA polymerises through radicals and 
forms cross-linked polymer 
Figure 4.11 Normalised FTIR spectra of mixture sample before (a) and after (b) 
polymerisation.
The completion of the polymerization of the monomers is evaluated by comparing the 
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absorption of the carbon-carbon double bond (C=C) with that of the reference bond 
(C=O of ester) in FTIR spectra before and after polymerization (Figure 4.11). The 
acquisition condition of this FTIR experiment was summarized in Section 3.4.2. The 
peak of carbon-carbon double bond has a vibrational peak around 1640 cm-1 while the 
C=O peak occurs around 1734 cm-1. The peak at 1734 cm-1 showed the presence of the 
C=O of ester, which is not involved in the photo-polymerisation reaction. This 
reference peak is used to normalize the change in absorption (Allen 1996). The FTIR 
result shown in Figure 4.11 implies that the carbon-carbon double bonds were 
consumed during photo-polymerisation reaction, the polymerisation of PEGDA 
monomer initiated by radicals has mostly completed and a cross-linked network has 
formed.
4.4.2 In situ measurement of polymerization by SAXS
SAXS is the main technique to characterise the templated LLC nanostructure in this 
work. The high flux of synchrotron X-ray sources can initiate photo-polymerisation
(Peng, Guo et al. 2011). Therefore there exists an opportunity to investigate the 
evolution of structure during photo-polymerisation in situ with synchrotron X-ray by 
using the synchrotron beamline to initiate the free radical polymerisation. The 
parameters for data reduction is summarized in Table 4.5, and the details of how to get 
1D SAXS curves from raw data can be referred to Appendix.
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Table 4.5 Parameters for data reduction.
Parameters Value
Detector Xsize 981
Detector Ysize 1043
Sample to detector distance (SDD) 1577.8 mm 
Wavelength Ȝ 1.1271 Å
Pixel size 172×172 μm
Beam Centre X 557.64
Beam Centre Y 476.24
Energy 11keV
Figure 4.12 Cell with quartz window for holding prepared solution sample after 
exposure to X-ray beam.
The hexagonal solution diluted with methanol for membrane synthesis was checked 
with PLM and then was put in a home built cell with a quartz window to allow the 
beam through for X-ray radiation with an exposure time of one hundred seconds. Prior 
to the exposure to the synchrotron X-ray beam the solution was transparent, after 
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exposure the region exposed to X-ray beam became opaque (Figure 4.12). It is 
assumed that the white spots is the product of the polymerisation initiated by X-ray. 
There have been reports that the polymerisation of an acrylamide functionality can be 
initiated by X-ray radiation in the similar manner as UV radiation (Collinson, Dainton 
et al. 1957, Waters, Engberg et al. 2010).
Figure 4.13 Time resolved SAXS intensity during the polymerisation under X-
ray at ambient temperature. 
The development of the scattering curves versus X-ray exposure time was plotted in 
Figure 4.13. Initially, there was a single broad scattering peak, typical for the prepared 
solution sample including monomer PEGDA; after exposure to the X-ray radiation for 
a few seconds, a sharp peak appeared from top of the broad peak, which is the main 
peak of hexagonal phase and showed increasing intensity. This indicates that there are 
structural changes, presumably due to photo-polymerisation initiated by X-ray. The 
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opaque white spots appearing in the quartz window contain the new structures due to 
the polymerisation.
Figure 4.14 Comparison of the structure change through the polymerisation with 
in situ SAXS.
To better understand the global trends of the whole process, three scattering curves at 
the initial stage, at an intermediate stage and at the stage when the scattering has come 
to equilibrium are compared in Figure 4.14 to emphasise the differences in the 
evolving scattering curves.  When the exposure time to X-ray increases, the base broad 
peak is becoming less intense and shifts slightly to lower values of q for polymerisation.  
It is consistent with the reports in Peng et al’s and Waters et al’s research that in situ
microemulsion polymerisation was initiated by X-ray, and the change in structure size 
was caused by photo-polymerisation (Waters, Engberg et al. 2010, Peng, Guo et al. 
2011). Meanwhile, the sharp peak grows in intensity and a low-q region for the growth 
of hexagonal phase.
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Therefore, we could conclude in this section that the X-ray radiation can initiate photo-
polymerisation, which is completed in seconds/minutes due to much higher flux of X-
ray than that of UV light, and cause new structure. Based on this fact, we will be very 
careful with the introduction of photo-initiator for the in situ measurements in the 
following chapters as photo-polymerisation should not be expected when 
characterising the alignment of LLC nanostructure under fields. For example, 
polymerisation initiated by X-ray is not expected for measurement of alignment before 
polymerisation.
4.5 Improvement of the membrane performance 
In previous sections, we studied the hexagonal nanostructure in binary DTAB/water 
system, in ternary DTAB/water/PEGDA system and photo-polymerisation initiated by
synchrotron X-ray, all these contributed to explore alignment under external fields. As 
the membranes to be developed with aligned LLC nanostructures will be used as 
potential materials for water filtration, it is important to ensure that the membranes are 
strong enough for the applications while the LLC templated nanostructures are
retained in the resulting membrane.
Hydrophilic monomer PEGDA was selected to cross link the LLC nanostructure for it 
is well compatible with the binary system, as pure PEGDA is of low modulus at room 
temperature and could be swelled seriously in aqueous solution, such as water. The 
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resulting material would have a short service life, though retaining the LLC 
nanostructure (Zhang, Xie et al. 2012). To solve this problem, another monomer of 
high modulus, HDDA, was added in with PEGDA to cross-link the LLC nanostructure 
in the template, aiming to improve the mechanical properties while retain the 
hexagonal LLC nanostructure of the template. But as hydrophilic, and glassy PEGDA 
and hydrophobic HDDA are immiscible and have quite different monomer polarity
(Brandrup, Immergut et al. 1999), it is crucial to know whether the two monomers 
could be compatible in the presence of mixture of cationic surfactant DATB and water. 
Previously, PEGDA and HDDA have been reported to copolymerize compatibly in the 
hexagonal system formed by non-ionic surfactant Brij 56/water (Clapper and Guymon 
2006).
Figure 4.15 Schematic of the preparation of hexagonal LLC templated membrane.
Four different solutions were prepared following the procedures described in Section 
3.2.2.4, by using two monomers of varying ratio (PEGDA: HDDA in ratios of 4:0, 3:1,
2:2 and 1:3, respectively) as shown in Figure 4.15. The phase behaviour of the samples 
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before polymerization was checked with PLM and XRD (cf Section 3.4.1). The 
materials after photo-polymerization were evaluated with FTIR (cf Section 3.4.2). 
After surfactant removal, the morphology, compressive modulus and network swelling 
of the four resulting membranes were tested and compared to select the materials that
not only retained the LLC nanostructure but also had better properties.
Figure 4.16 PLM images of LLC templates with different PEGDA/HDDA ratios.
a: 4:0, b: 3:1, c: 2:2 and d: 1:3
PLM images in Figure 4.16 show the phase behaviour of the samples with two 
monomers in 4 different ratios before photo-polymerisation. In Figure 4.16 (a) and (b), 
classical fanlike birefringence pattern of optical anisotropy is clearly observed, which 
confirms the formation of highly ordered hexagonal liquid crystalline mesophase in 
the samples with a PEGDA/HDDA ratio of 4:0 and 3:1, respectively. The patterns in 
Figure 4.16 (c) and (d) become opaque when the content of HDDA increases.
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Figure 4.17 XRD patterns of the LLC templates at different PEGDA/HDDA 
ratios.
This can be verified by XRD analysis. As shown in Figure 4.17, the sample without 
HDDA has a very clear pattern. However, this pattern was weakened and shown
decreasing intensity with increasing HDDA content, especially for the two samples 
higher percentage of HDDA where peak (2 0) was very weak. This agrees well with 
what the PLM illustrated that samples having PEGDA and HDDA in ratios of 4:0 and 
3:1 retain the hexagonal pattern much better than the other two compositions (Figure 
4.17). From Bragg's law, the repetitive spacing can be calculated by Equation 4. 3
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 ݀ଵ଴଴ = ݊ߣ2 ݏ݅݊ ߠ Equation 4. 3
Here, Ȝ nm, n=1, the value of șis the peak position. The calculated value of 
the distance of interference is 2.2nm. Due to the hexagonal structure, the pore size is 
calculated according to Equation 4. 4.
 ܦ = 2݀ଵ଴଴ξ3 = 2.55 ݊݉ Equation 4. 4
Two immiscible monomers are becoming compatible when the template of DTAB in 
water presents. But it is interesting to understand the why the XRD peaks becomes 
weak with increasing HDDA. When amphiphilic DTAB molecules self-assemble, 
hydrophilic PEGDA molecules are compatible with the headgroup while the 
hydrophobic HDDA molecules might partition around the hydrophobic tails along in 
the cylindrical centre of hexagonal phase (Clapper and Guymon 2006). It is assumed 
that the hexagonal phase becomes gradually interrupted by the extra HDDA from the 
centre of the cylinders when exceeding the maximum that the tails can hold. That is 
why the hexagonal pattern can be found in the mixture of higher HDDA concentration 
but cannot be found in lower ones.
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Figure 4.18 Normalised FTIR spectra of samples for 4 different ratios of PEGDA 
to HDDA (a) before and (b) after polymerisation.
The polymerization of the monomers was evaluated by comparing the relative 
absorbance of the carbon-carbon double bond (C=C) with reference to that bond C=O 
of ester in FTIR spectra before and after polymerization, as the carbon-carbon double 
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bond (C=C) changed during the polymerization as shown in the chemical reaction 
scheme (Figure 4.10b). Before polymerization, the peak of carbon-carbon double bond 
has a vibrational peak around 1640 cm-1 while the C=O peak occurs around 1734 cm-
1 clearly presents in the samples (Figure 4.18 a). By contrast, after polymerization, the 
peak of carbon-carbon double bond has largely disappeared (Figure 4.18 b). This can 
verify the completion of the photo-polymerisation of the monomers in the template 
DTAB/water system. And the monomers cross-linked around the cylinders of the 
hexagonal template, as shown in the diagram of preparation procedure (Figure 4.15).
The well cross-linking of the monomers during the photo-polymerisation is important 
for the resulting membrane to retain the oriented LLC nanostructure.
Figure 4.19 Normalized FTIR spectra of DTAB and polymerised samples with 
different ratios of PEGDA and HDDA after surfactant removal.
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FTIR spectra have been utilized to check the removal of the surfactant of DTAB after 
photo-polymerisation as shown in Figure 4.19. None of characteristic peaks (C-H
stretching vibrational features between 2800 ~ 3050 cm-1, asymmetric bending mode 
of the head [N(CH3)3] between 1440 ~ 1500 cm-1, and C-N stretching vibrational 
modes between 900 ~ 1000 cm-1) of DTAB exists any more after the process of 
surfactant removal (Viana, da Silva et al. 2012). This illustrates the surfactant DTAB 
has been completely removed in the resulting porous membranes.
Figure 4.20 SEM images of PEGDA/HDDA membranes a: PEGDA: HDDA=4:0, 
b: PEGDA: HDDA=3:1.
The morphology of the membranes (PEGDA: HDDA= 4:0 and 3:1) with nano-porous 
structures retained from the LLC template are observed with SEM and compared in 
Figure 4.20. The characteristic length-scales of the hexagonal LLC nanostructure have 
been examined with powder XRD and Synchrotron SAXS and shown to be 2~5 nm. 
SEM (cf Section 3.4.3) can give a view of the surface morphology which can reflect 
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some properties of the membranes. For the membrane with pure PEGDA (Figure 4.20
a), small cracks around pore walls are observed from the top view. For the other 
membrane with HDDA, no cracks are found on the surface of the membrane in the 
same scale (Figure 4. 20b). Cracks are supposed to be introduced during the drying
process after surfactant removal due to volume changes associated with removing 
water. Cracks will be detrimental to the overall mechanical strength of the material and 
indicate a poor mechanical strength of the membranes at the initial stage. Based on 
this observation, it can be concluded that membrane with HDDA and PEGDA having 
no cracks has a higher mechanical strength to resist the volume change during the 
drying process compared with the membrane with pure PEGDA. This will greatly 
improve the performance of the resulting membrane in applications.
Figure 4.21 SEM image and schematic diagram (inset) of pores formed with two 
monomers in the LLC template after surfactant removal.
An interesting pore structure was found under SEM microscopy that a large pore is 
subdivided by network in the middle (Figure 4.21). The porous structure of micrometre 
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scale could be a defect of the main nanostructure area, but it could visually prove the 
schematic diagram of the nanoscale porous structure illustrated in the inset of Figure 
4. 21. It is proposed that hydrophobic HDDA can gather in the tail area of the surfactant 
in the template, connecting the wall inside the cylinder of the hexagonal LLC template, 
while hydrophilic PEGDA cross-linked into the wall of the cylindrical pores (Clapper 
and Guymon 2006). In the future, proper TEM technique will be developed to 
characterize similar structure in nanoscale by imaging ultrathin section of polymer 
prepared with focused ion beam.
Furthermore, the mechanical property of the resulting membranes was characterized 
with a compression test and the stress-strain relationship of the four membranes is 
shown in Figure 4.22. It is known that the initial straight-line in the strain-stress 
diagram reflects the modulus of the materials. The membrane with pure monomer 
PEGDA shows a very low slope which means it is of low-modulus (to enlarge the 
straight line zone). Interestingly, after adding the monomer HDDA, the membranes 
display obviously higher modulus in the stress-strain profile. This contributes to 
explain why the membranes with HDDA can resist the surface tension to retain the 
template LLC nanostructure is for the high modulus thanks to the introduction of 
HDDA. Pure PEGDA is rubbery and of low-modulus while pure HDDA is of relatively 
high-modulus (J. Brandrup 1999). Therefore, the compressive moduli are reasonable 
to present a climbing trend with the declining PEGDA/HDDA ratio. This also indicates
that the two immiscible monomers are compromised well at the presence of the 
surfactant DTAB. 
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Figure 4.22 The compressive modulus of PEGDA/HDDA membranes with 
different PEGDA/HDDA ratios.
Finally, network swelling was carried out by comparing the transport property of the 
membranes at room temperature. A stress would be introduced to the membranes when 
water was absorbed which would affect the mechanical durability (Khattra, Santare et 
al. 2015). The equilibrium weight percent of water in membranes decreases
substantially with a declining PEGDA/HDDA ratio (Figure 4.23). This indicates that 
hydrophilic PEGDA can enable better transport property. But it was observed that the 
membrane with PEGDA/HDDA ratio of 3:1 started to show subtle evidence of broken 
in water while the other membranes had broken into pieces after soaked in water for 
extended time (photos will be found to support). It is not difficult to understand that 
pure hydrophilic monomer PEGDA enables the membrane swelled considerably in 
water and easy to reach the fatigue limit for strong internal pressure and low modulus 
of the material. While hydrophobic HDDA tends to make the membranes glassy.
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Therefore, it will be ideal to combine both monomers in a proper ratio (like 
PEGDA/HDDA = 3:1) to benefit from the advantage of both components.
Figure 4.23 Equilibrium weight percent water of PEGDA/HDDA membranes at 
different PEGDA/HDDA ratio.
4.6 CONCLUSIONS
In this chapter, swelling capillary experiment was applied to check phase diagram of 
binary system DTAB/water which is used as the structure template and to evaluate the 
effect of monomer on the template structure. This method can produce very reliable 
results for materials synthesised under different conditions.
In the swelling experiment, it is found that adding monomer PEGDA caused the 
dimension of the template structure increasing by 0.892nm in DTAB-water-monomer 
ternary system than in DTAB-water binary system, while along the concentration 
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gradient in the capillary, the increasing amount of added monomer in the template 
showed ignorable difference (around 0.1 nm) in the dimension change until the 
hexagonal phase lost in the PEGDA rich end.
Photo-polymerisation of the system with both monomer and initiator can be introduced 
by X-ray radiation. It can be either applied or avoided in the Synchrotron in situ SAXS 
measurement depending on what we would like to achieve. For example, X-ray photo-
polymerisation should be avoided if the X-ray radiation is to be used to evaluate the 
alignment of LLC nanostructure before polymerisation, while X-ray radiation can be 
applied for in situ measurement of photo-polymerisation.
The membrane with PEGDA/HDDA at the ratio of 3:1 shows better general 
performance than the other three membranes (4:0, 2:2 and 1:3) in terms of the retention 
of template LLC structures and mechanical durability. Two immiscible monomers, 
hydrophobic and high modulus HDDA and hydrophilic and low modulus PEGDA can 
compromise well in the presence of surfactant DTAB in water. High percentage of
HDDA (more than HDDA: PEGDA=1:3) will damage the templated hexagonal 
structure in the network though the addition of HDDA will improve the modulus of 
the resulting membranes.
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C H A P T E R  F I V E
5. Alignment of hexagonal LLC under magnetic 
field
5.1 Introduction
This chapter is devoted to align the hexagonal lyotropical liquid crystalline (LLC) 
nanostructure perpendicular to the surface (along the thickness direction) under 
external magnetic fields. The aligned nanostructure will be used as templates to 
produce well-aligned nanoporous membrane of high filtration efficiency.
The alignment of nanostructures and consequential anisotropic transport properties is 
of increasing research interest as ordered continuous nanostructures will provide 
unprecedented benefits in the applications of tissue engineering (Peck, Dusserre et al. 
2011), drug delivery (Allain, Bourgaux et al. 2012), gas permeation (Wang 2013),
water purification (Phillip, O’Neill et al. 2010), optoelectronics (Liu, Ji et al. 2013)
and photonics (Joannopoulos 2001). LLCs can form unique continuous nanostructures 
and be used as templates to sysnthesize organic (DiBenedetto, Facchetti et al. 2009)
and inorganic (Bahamonde-Padilla, Martinez-Cifuentes et al. 2012) nanomaterials. 
This process is a promising option for the fabrication of large quantities of 
nanomaterials at low cost. However, normally the hexagonal structure in the template 
is randomly oriented and lack of long-range order.
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Nanofiltration (NF) membranes are utilized to remove organics, hardness, and 
particulate contaminants (Hilal, Al-Zoubi et al. 2004). This selectivity can be obtained 
by controlling the critical dimension of the pores or diffusion domains across the 
membranes during the formation of the self-assembled template (Judd and Jefferson 
2003, Zhang, Zhang et al. 2012). Slight variations in the orientation of the self-
assembled domains may therefore lead to localized disorder and loss in membrane 
separation performance (Gautam and Menkhaus 2014). Therefore, it is critical to 
develop new strategies to produce stable and uniformly oriented cylindrical LLC 
nanostructures for application in templating well-aligned nanoporous membrane for 
high filtration efficiency.
The application of an external force field, such as a magnetic or an electric field, can 
align LLC structures to produce anisotropic templates. For example, magnetic 
alignment of amorphous poly(ethylene oxide) micro-domains in a liquid crystalline 
block copolymer was shown to improve the ion conductivity across electrolytic 
membranes (Gopinadhan, Majewski et al. 2010).
Static magnetic fields have an advantage in yielding alignment, as, unlike electric 
fields, they do not require electrodes to contact the surface, and are powerful to 
vertically align nanostructures across flat surfaces normal or parallel to the main field
line directions (Majewski, Gopinadhan et al. 2010). Thin films of 10~100nm, with 
aligned molecular planes perpendicular to the substrate were prepared by applying a 
magnetic field (1.3T) during the process of organic molecular beam deposition 
(Kolotovska, Friedrich et al. 2006). High magnetic field (12T) was also applied for the 
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alignment of mesochannels in the film of macroscopic scale parallel to the field
(Yamauchi, Sawada et al. 2005).
To date, the examination of strong magnetic fields for alignment is mostly investigated 
by nuclear magnetic resonance (NMR) in the magnetic field of the spectrometer. 
Magnetic alignment of cetyltrimethylammonium bromide (CTAB) in nematic and 
hexagonal liquid crystalline phases was quantified by quadrapolar NMR line shapes 
(Clawson, Holland et al. 2006). Oriented silicate structures were produced from a 
magnetically orientated CTAB hexagonal phase (Firouzi, Schaefer et al. 1997, Tolbert, 
Firouzi et al. 1997). Membrane conductivity has been optimized through aligning 
hexagonally packed cylindrical micro-domains over macroscopic areas in the 
membrane under magnetic field (Majewski, Gopinadhan et al. 2010). It is believed that 
alignment of liquid crystals induced by a strong magnetic field (greater than 11.7T) is 
achieved by the interaction between the field and the constituent’s anisotropic 
diamagnetic susceptibilities. This can be applied to all of constituent molecules in the 
liquid crystals domain (Firouzi, Schaefer et al. 1997). Occurrence of orientational 
ordering is allowed when the interaction energy associated with diamagnetic 
susceptibilities can overcome the thermal disordering for Brownian aggregate motions 
(De Gennes and Prost 1993). These principles have mostly been utilized to explain the 
alignment under high magnetic field. There are also reports of alignment under low 
magnetic field if there are doping magnetic nanoparticles in the samples. For instance, 
magnetic grains have also been doped in surfactant-aqueous solvent phase when LLC 
structures are aligned with magnetic field (1.1T) (Vallooran, Bolisetty et al. 2011,
Vallooran, Negrini et al. 2013). It is also reported that magnetic fields as low as 10mT, 
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have been applied to achieve alignment of ferrosmectic - lamellar phase doped with 
small magnetic nanoparticles, as the ferrosmectic can result in a high super-
paramagnetic susceptibility, which leads to a distinct decrease in the threshold field 
strength (Fabre, Casagrande et al. 1990). The low magnetic fields were employed for 
the alignment of a surfactant-monomer system doped with small magnetic 
nanoparticles.
When a magnetic field is applied to align various systems and produce an anisotropic 
structure, the measurement of the effectiveness of the alignment field remains to be a 
major challenge. There is only a few reliable characterisation technology to visualise 
the structural changes in such a high resolution, normally in liquid state. Compared 
with NMR, SAXS enables a high resolution, high-throughput technique for 
nanostructure characterisation (Grant, Luft et al. 2011).
There is still a scarcity of data and methods for in situ measurement of the alignment 
in low magnetic fields. PLM has been used to observe the phase performance. As it 
takes time to focus and the resolution is not that hight, it is not competent for in situ
measurement. In this chapter, the alignment of doped LLC nanostructure with 
magnetic nanoparticles is investigated and in situ measurement with synchrotron 
SAXS is used to illustrate the process of alignment. The retention of aligned LLC 
nanostructure in polymerized membranes is also studied. The results suggest the 
successful magnetic alignment and the retention of aligned structures in polymerised 
membranes.
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In situ measurement of alignment under a magnetic field was carried out at 
Synchrotron SAXS. Azimuthal profiles were used to compare and evaluate the 
development of the magnetic alignment. Molecular dynamics simulation was 
employed to analyse the alignment process of the LLC nanostructure. Membranes with 
alignment under different magnetic field strengths were characterised with 
synchrotron SAXS and compared in Azimuthal mode as well.
5.2 Alignment of lyotropic liquid crystalline nanostructure 
5.2.1 In situ SAXS measurement of alignment under magnetic field
Alignment of the prepared liquid samples under a magnetic field of 270 mT was 
carried out with in situ SAXS measurement. No initiator was used in the sample 
solutions (consisting of PEGDA, DTAB, magnetic nanoparticles Fe3O4 in water, cf
Section 3.2.3.1) for in situ alignment under magnetic field (cf Section 3.2.3) to avoid 
photopolymerisation during in situ SAXS measurement. The sample was added into 
the home-built cell that was heated to 55 °C with quartz windows (cf Section 3.2.3.1)
which was placed in vertically oriented magnetic field provided by two magnets. The
distance between the poles was well defined to generate the pre-determined level of 
magnetic strength. The X-ray beam went through the sample horizontally (Figure 5.1). 
From this point onwards, the temperature was controlled by an electric heat gun (50 ~ 
60 °C, 2000W, Bosch) and the temperature was measured with a K thermocouple. The 
in situ SAXS measurement started when the cooling of the samples began.
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Figure 5.1 Diagram of the setup for in situ measurement of alignment under 
magnetic field (Magnetic field strength is decided by the blocks dimension, and 
the gap between the sample and magnets, according to the calculator provided by 
the supplier of the magnets)
In situ SAXS measurements were performed at the Australian Synchrotron on the 
SAXS/WAXS beamline (Kirby, Mudie et al. 2013) with a wavelength of 0.1127 nm. 
The scattering geometry is defined by the distance, 1605 mm, between the sample and 
the 2-D detector (981 × 1043 pixels of dimensions 172 × 172 Pm, Dectris Ltd, Baden, 
Switzerland). The beam centre was set approximately at the central point of the 
detector to ensure that the most intense 101ത peak was covered. The scattering 
geometry defines a range of scattering vectors, q, 0.5 nm-1 to 3.5 nm-1 as defined with 
Equation 3.2.
The solid angle covered by the 2-D detector in the above SAXS setup limited the 
number of reflections which could be visualised. A second setup of the SAXS/WAXS 
beamline was used to cover a more extensive range of hexagonal phase peaks: with 
the use of sample to detector distance of 716 mm and incident wavelength of 1.1271
Å, a q-range of 0.5 nm-1 to 8.5 nm-1 was yielded.
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Cells were specifically designed for Synchrotron SAXS measurement of the alignment 
under magnetic fields (Figure 5.2). Two transparent pure quartz slides were used to 
reduce the absorbance of X-ray. They were parallel to each other with a spacer of 2mm 
and are perpendicular to the beamlime. Beamline is also always vertical to the applied 
magnetic field. 
There are two cell arrangements. The magnetic field could be either along the length 
direction of the slides which is ideal for liquid samples (Figure 5.2 a) or normal to the 
slides (Figure 5.2 b). These two cells could provide information for the side and top 
view of the hexagonal cylinders, respectively.
Figure 5.2 Cells for alignment under magnetic field. a: Beam is normal to the 
magnetic field for in situ measurement of the alignment; b: beam is parallel to the 
magnetic field for the preparation and characterisation of aligned solid films.
Hexagonal phase of surfactant DTAB in water has been studied in Chapter 4. To 
facilitate magnetic alignment, magnetic nanoparticles were introduced. The mixture of 
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DTAB, magnetic nanoparticles in water, and PEGDA was characterised with 
synchrotron SAXS and the result is shown in Figure 5.3.
Figure 5.3 a: Hexagonal phase of the DTAB-Water-PEGDA mixture; b: 
schematic of hexagonal phase of d-space index.
A typical one-dimensional scattering pattern of the sample is shown in Figure 5.3a. 
The phase of these LLCs was assigned according to the characteristic spacing of Bragg 
reflections. The hexagonal phase is indexed following Equation 5. 1 (Kent, Garvey et 
al. 2010):
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ݍ௛௞ = ݍଵ଴ඥ݄ଶ + ݄݇ + ݇ଶ Equation 5. 1
The d-spacings belonging to particular crystallographic planes are shown on schematic 
of hexagonal phase in Figure 5.3b.
The spacing between two cylinders in the periodic arrangement can be calculated 
according to Equation 5. 2:
ܦ = 2ܦଵଵ଴ =
ܦଵ଴଴
sin 60e =
2ߨ
ݍଵ଴଴ × sin 60e Equation 5. 2
This cross-linked hexagonal LLC nanostructure was used to prepare cylindrical nano-
porous membranes, detailed process has been reported in our recent work (Zhang, Xie 
et al. 2012).
The two-dimensional SAXS patterns as a function of the applied magnetic field are 
shown in Figure 5.5 (left). SAXS patterns were recorded with an interval of 2~3 min. 
The effect of alignment at different times upon magnetic field exposure can be 
qualitatively evaluated by analyzing azimuthal intensity variations around the 
diffraction (1 0) ring, as shown in Figure 5.5 (right). As the magnetic field strength 
increases the scattering patterns become increasingly anisotropic. To provide a more 
quantitative measurement of the alignment process, an azimuthal cut of the 2D 
scattering pattern was taken (Majewski, Gopinadhan et al. 2010, Vallooran, Bolisetty 
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et al. 2011, Vallooran, Negrini et al. 2013). The azimuthal processing distinguishing to 
radial averaging processing is illustrated in Figure 5.4. Initially, the azimuthal intensity 
of the 1 0 reflection is nearly isotropic. This is indicative of a slight orientation (top 
Figure 5.5). Due to the kinetic effect of the magnetic field strength on the sample, the 
2D scattering pattern becomes increasingly anisotropic (Figure 5.5 left) and a peak 
appears in the azimuthal intensity profiles (Figure 5.5 right).
Figure 5.4 Diagram of the azimuthal and radial average processing. Radial 
averaging is to recognize the diffraction ring position for phase assignment, each 
ring versus a peak, while azimuthal processing is to analysing the intensity 
distribution over a selected ring to check the alignment or homogeneity of the 
structure.
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Figure 5.5 Two-dimensional SAXS patterns (left) during in situ alignment of 
hexagonal phase under the magnetic field. The right hand side shows the 
azimuthal intensity profiles of the (1 0) reflection. The red curve is the Gaussian 
fit within marked data range.
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Magnetic nanoparticles before being doped in the LLC samples were checked with 
TEM (cf Section 3.4.3), and the result is shown in Figure 5.6. Three grains of 
nanoparticles were selected for measurement, the average particle size is 5 nm, which 
is consistent with the data from the supplier.
Figure 5.6 TEM image of the magnetic nanoparticles.
It is assumed that the doped nanoparticles partition on the boundaries of LLC domains 
(Figure 5.7), as the average size of the nanoparticles is 5 nm, which is comparable to 
or slightly larger than the mesophase periodicity of 3.936nm. It has been reported that 
nanoparticles partition within the cylinders of LLC phase when the particle size is 
smaller than the mesophase periodicity and enlarge the mesophase periodicity (Quilliet, 
Ponsinet et al. 1994), while larger nanoparticles partition on the grain boundaries of 
LLC domains (Sharma, Kumaraswamy et al. 2009). The features of the LCs, like 
transition temperature and the optical birefringence, are not significantly changed by 
doping at the grain concentration of about 109 ~ 1010 grains/cm3 in a ferronematic LLC 
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(Barbero, Neto et al. 1999).
A schematic of the nanoparticles relative position in the LLC structure is shown in 
Figure 5.7. In LLCs sample matrix, hexagonal units are randomly distributed under 
this condition. Each hexagonal unit is composed of several cylinders of high length to 
diameter ratio formed by self-assembly of surfactant DTAB in water. Before applying 
any magnetic field, hexagonal units oriented randomly with doped magnetic 
nanoparticles along boundary of the adjacent units; when magnetic fields were applied, 
the hexagonal units were aligned along the direction of fixed magnetic field with the 
assistance of magnetic nanoparticles.
Figure 5.7 Schematic of the relevant structural details and length-scale during in 
situ magnetic alignment.
To analyse the orientation process more quantitatively, a single Gaussian peak fitting 
was performed on the azimuthal profile. The value of the width of the Gaussian 
function at half intensity (full width at half maximum, FWHM) is a measure of the 
alignment. A Gaussian function is a function in the form of Equation 5. 3:
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f(x) = a expቆെ (ݔ െ ܾ)
ଶ
2ܿଶ ቇ+ ݀ Equation 5. 3
where a is the height of the curve’s peak, b is the position of the peak centre, and c is 
a constant related to the width of the peak as shown in Equation 5. 4.
FWHM = 2ξ2݈݊2ܿ ൎ 2.35482ܿ Equation 5. 4
 
Figure 5.8 Equilibration process under the magnetic field of 270 mT: FWHM of 
azimuthal intensity of in situ measurement versus duration of liquid sample.
FWHM is useful to evaluate the proceeding of the alignment process. The decreased 
FWHM proves the enhancement of alignment (Figure 5.8). Further, 3D order 
parameter is introduced to quantitatively evaluate the alignment which could be used 
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for comparison with others. A 3D order parameter can be extracted from the SAXS 
data, to gain quantitative information about the alignment of LLC domains (Vallooran, 
Bolisetty et al. 2011):
ܵଷ஽ =
׬ ܫ(ߠ)(3 cosଶ ߠ െ 1) sin ߠ ߲ߠ
గ
ଶ଴
׬ ܫ(ߠ) sinߠ ߲ߠ
గ
ଶ଴
Equation 5. 5
ܫ(ߠ) = ܫ଴ +
ܣ
ݓ כ ටߨ2
כ exp (െ2 כ (ߠ െ ߠ௖ݓ )
ଶ)
Equation 5. 6
where ܫ(ߠ) is the first Bragg scattered intensity distribution along the azimuthal angle 
ߠ taken from the meridian, from the Gaussian peak fitting result (Equation 5. 5). The 
integral interval was practically defined as [(ߠ௖ െ ܲ݅/2) ~ ߠ௖ ], ߠ௖ is centre of the 
fitting peak. The 3D order parameter shows an increase with the increasing duration 
under the magnetic field (Figure 5.9). The highest S3D order parameter in Figure 5.9
is up to 0.2896 under the 270mT magnetic field, comparable to 0.36 reported in 
published work on macroscopic alignment under the magnetic fields of 1.1T
(Vallooran, Bolisetty et al. 2011).
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Figure 5.9 S3D of the alignment of LLCs versus duration under the magnetic field.
As the duration of the sample in the magnetic field increases, the alignment of the 
hexagonal phase within the sample becomes more pronounced as demonstrated from
the decrease in FWHM (Figure 5.8) and the increase in S3D order parameter (Figure 
5.9). And the profile of FWHM versus time illustrates the alignment of nanostructure 
under the magnetic field. The alignment became very effective by 12 mins as the 
FWHM reduced quickly from 1074 to 91, but slowed down between 12 to 14 mins, 
and finally became relatively stable between 14 to 19 mins. This happened during the 
cooling process between 12 and 14 mins (Figure 5.10). It is postulated that the 
alignment happened with nucleation of hexagonal LLCs during the cooling process 
while magnetic nanoparticles oriented in the magnetic field. The alignment might have 
been completed at nearly 20 mins under the magnetic field, depending on the material 
composition and intensity of the magnetic field.
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Figure 5.10 Plotting of temperature changing with duration under magnetic field.
5.2.2 Molecular Dynamics (MD) simulations
The behaviours of magnetic nanoparticles and their interaction with the DTAB, 
PEGDA and water molecules all play important roles in the mechanism of this 
alignment. In the present work, the interaction energy between magnetic nanoparticles 
and other molecules in the solution and the energy transfer from the surface of a 
magnetic nanoparticle to a structured DTAB cylinder were calculated through MD 
simulation.
In the simulation studies, a magnetite layer of 34.99 Å × 34.99 Å × 16.21 Å was 
constructed and the morphologically most predominant (001)-surface was chosen. As 
the surface was generated by cutting from the bulk structure, it is a polar surface. 
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Therefore the magnetite (001)-surface was stabilised through geometry optimisation. 
The relaxed surface then interacted with isolated DTAB and PEGDA molecules. 
During the simulations, the magnetite layer was constrained, while the monomer 
molecule was located in a vacuum slab on the top of the magnetite surface. The surface 
and monomer system was firstly optimised to get the interaction features and energy, 
and then quenching method was used in a NVE ensemble with a quenching 
temperature of 450 K to obtain the interaction energy profile with interaction distance.
Based on the results of the interactions of the magnetite surface with DTAB and 
PEGDA, a system consisting of a DTAB cylinder, 66 PEGDA molecules and 528 water 
molecules was generated and the molecular dynamics simulations were performed to 
calculate the energy transfer from magnetite particle to the DATA cylinder. The 
cylinder was formed by 60 DTAB molecules and has a radii of about 1.30 nm (distance 
from the outmost carbons to the axis of the cylinder along z-direction). PEGDA 
molecules of n=4 were used. So that in the system the weight fractions of the DTAB, 
PEGDA and water are 0.42, 0.39 and 0.19, respectively, which is consistent with 
experiment. Following a minimization of 2ps of the system, a dynamic simulation of 
50 ns was performed at 298 K and 1 atm. To model the effect of the movement of 
magnetite surface under a magnetic field, a force P (Px, 0, Pz) with a constant 
magnitude, P, (Px2+Pz2=P2) was imposed on the PEGDA and water atoms that locate 
on a layer normal to the -x direction, i.e., the atoms meeting the coordinate condition 
of x < x layer, where x layer was determined at each time step to maintain a constant force 
magnitude. The intermolecular interaction energy of the DTAB with the PEGDA and 
water molecules, F, was calculated through NVE molecular dynamics of the system 
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under the forces with different direction angles (measured counterclockwise from the 
positive x-axis). During the simulation the DTAB cylinder was constrained and a cutoff 
radius of 12 Å and a time step of 1 fs were applied. The simulations were carried in 
the software package NAMD (Phillips, Braun et al. 2005) and the CHARMM force 
field (MacKerell, Bashford et al. 1998) was used.
Figure 5.11 MD simulation results. The side view of the interactions of a) the head 
group of DTAB (The DTAB body repulse to the Fe3O4 surface); and b) PEGDA 
with (001) surface of magnetite. The Fe atoms in ochre, O in red, C in cyan, N in 
blue, H in white and bromide ion in isolated cyan. c) Magnitude and direction of 
IRUFHWUDQVIHUIURPPDJQHWLWHSDUWLFOHWRWKHVWUXFWXUHG'7$%PROHFXOHVșLVWKH
DQJOHRIPDJQHWLWHSDUWLFOHIRUFHZLWKDFRQVWDQWPDJQLWXGH3ĮLVWKHDQJOHRI
the force on DTAB cylinder, F (magnitude is F). Both angles are measured from 
the planes normal to the cylinder axis.
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Figure 5.11 a and b present the interactions between the surface of the magnetic 
nanoparticles with DTAB and PEGDA. The simulations show a repulsion of the 
surface of the magnetic nanoparticles to DTAB molecule. Considering that DTAB 
molecules form the structured cylinders in the solution and the surface of the cylinders 
are constituted by the head groups of the molecules, the simulation of the interaction 
of the DTAB heads with the surface of the magnetic nanoparticles was performed by 
ignoring the van der Waals and electric forces between the surface atoms and the 
carbon and hydrogen atoms of the alkyl groups of the DTAB, i.e. the depths of 
potential well and charges of carbon and hydrogen atoms in the 12 alkyl groups were 
set to be zero. A weak adsorption of the head group on the surface of the nanoparticles
was found (Figure 5.11a). The distance from nitrogen (N) atom of DTAB to the surface 
of the magnetic nanoparticles (centre of mass of the first iron oxide layer) is 3.76 Å 
and the interaction energy calculated is -18.62 kcal/mol. Unlike the DTAB, the 
PEGDA shows a strong adsorption onto the surface of magnetic nanoparticles (Figure 
5.11b) and the adsorption energy is -54.74 kcal/mol. These simulation results clearly 
show that the possibility of contact of the magnetic nanoparticles with the DTAB 
cylinder surface will be very low. On the contrary, most of the nanoparticles will be 
covered by the PEGDA molecules and stay in the solution of PEGDA and water, as 
illustrated in Figure 5.7.
Based on the above results, a system consisting of a DTAB cylinder, 66 PEGDA 
molecules and 528 water molecules was generated and the molecular dynamics 
simulations was performed to calculate the energy transfer from magnetite particle to 
the DTAB cylinder. Figure 5.11c gives the relationship between the imposed force and 
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the force transferred to the DTAB cylinder. When șis less than about 65º, the F/P is 
above 0.15 and the angle Įis less than 0.5º, indicating that the force transferred to the 
DTAB cylinders is effective in turning the cylinders to make it align in parallel to the 
magnetic field B. This corresponds to the first stage of the LLC alignment before 12 
min (Figure 5.8). When șis over 65º, the F/P is less than 0.15 and the angle Įincreasing 
dramatically to 32º when șreaches 90º, so only a small ratio of the force, P, transferred 
to the DTAB cylinders, and could be not enough to make the LLC cylinders align 
further more dramatically (Figure 5.8).
The results from the in situ measurement prove the alignment can be achieved within 
20min under the magnetic field. It is significant to understand how the alignment 
proceeded through the in situ SAXS measurement result, which has not been reported
before. Firstly, doping of the nanoparticles is beneficial to the nucleation of the liquid 
crystals during the cooling process. In the absence of the magnetic field, the self-
assembly of hexagonal LLCs in the system shows isotropic domain orientations at a 
temperature higher than the order-disorder transition temperature (Han, Kim et al. 
1989). When the magnetic field was applied at this temperature, the magnetic 
nanoparticles showed high alignment. Then upon cooling, mesophases form and grow 
into grains because of the nucleating agent due to these colloidal interface of 
nanoparticles with a leading orientation (Vallooran, Bolisetty et al. 2011). Furthermore, 
the movement of magnetic nanoparticles to one direction under the applied magnetic 
field provides shear force, which also contributes to the alignment of the already 
formed LLCs. The sample viscosity resists the shear force, and increases with the 
declining temperature. Therefore, the shear force is magnetic in origin and has 
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decreasing effect on the alignment for the viscosity of the LLCs samples is temperature 
dependent. The alignment under magnetic fields brings oriented hexagonal 
nanostructure as template for the next step, photo-polymerisation, of the ordered 
nanoporous membrane synthesis.
It has been reported that magnetic fields as low as 10 mT caused phase changes (Fabre, 
Casagrande et al. 1990). The magnetic fields were used in the current work to induce 
alignment of hexagonal cylinders and the alignment was monitored and evaluated in-
situ by small angle x-ray scattering. Under low magnetic fields, the alignment was not 
only achieved (Figure 5.7) but also characterised and visually presented. The field used 
here (270mT) is much lower than other widely used one ie 1.1T by Vallooran et al
(Vallooran, Bolisetty et al. 2011), but the similar result was gained, and the alignment 
process was clearly presented through in-situ SAXS measurement.
5.3 Retention of alignment in the resulting polymerised membranes
Alignments were carried out at different magnetic field strengths of 270 mT, 17 mT, 5
mT and 0 mT, respectively. The four samples after alignment were characterised by 
PLM (×200). In Figure 5.12, characteristic fan-like birefringence pattern of hexagonal 
phase is clearly presented in all the images, but the pattern is becoming sparser with 
the increasing applied magnetic field strengths. This could illustrate that the difference 
in field strengths contributes to the change of the pattern size which stands for the 
dimension of the related hexagonal phase.
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Figure 5.12 PLM images of alignment at different magnetic fields before 
polymerisation. a: 270 mT; b: 17 mT; c: 5 mT; and d: 0 mT.
Four membranes were prepared through photo-polymerising the aligned samples 
mentioned above. SAXS measurements were made on each to assess the retained 
alignment and structure in the resulting membranes. Both 2-D diffraction patterns and 
azimuthal intensity profiles are summarized to compare the alignment and retention of 
these membranes (Figure 5.13).
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Figure 5.13 Two-dimensional SAXS patterns (left) from templated polymer films 
during with increasing magnetic field strength. The right hand side shows the 
azimuthal intensity profiles of the (1 0) reflection. The red curve stands for 
Gaussian fitting within marked data range.
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Figure 5.13 (top) indicates isotropic azimuthal intensity, which is in consistent with 
the fact that no magnetic field was applied to this sample before photo-polymerisation. 
Moreover, generally speaking, the alignment is improved when magnetic field
becomes stronger. The higher magnetic fields at 270 mT and 17 mT align the structures 
much better than the other two lower ones (5 mT and 0). This is consistent with the 
previous research on the effect of magnetic field strength on the alignment in solution 
status (Majewski and Osuji 2010). It was reported that a successful alignment under 
the magnetic field of 10mT has been achieved (Fabre, Casagrande et al. 1990) while 
no record of a lower magnetic field was found in the literature. Therefore, it is 
interesting to find that the alignment induced by the applied magnetic fields can be 
retained in the resulting polymerised membrane. A low magnetic field at 5 mT might 
not be strong enough for inducing alignment.
Also, it is noticed that the FWHM of 17mT is smaller than 270 mT while the latter 
alignment was induced by a stronger magnetic field. To analyse this problem, thickness 
information is listed in Table 5.1. Obviously, membrane 17mT is 10μm thicker than 
270 mT, which may keep the aligned nanostructure in a more stable equilibrium 
environment, receiving less effect of thermal radiation during the photo-
polymerisation exposing to UV source. Therefore, the alignment retained in the 
membrane depends on the magnetic field strength and the thickness of the membrane.
144
Table 5.1 Comparison of FWHM and thickness between two polymerised 
membranes with alignment.
Sample FWHM (angle deg) Thickness (μm)
17mT 51.1 60
270mT 81.5 50
5.4 Conclusions
The alignment of hexagonal lyotropic liquid crystalline nanostructure (< 5 nm) doped 
with magnetic nanoparticles under magnetic fields has been achieved. The process of 
the magnetic alignment was for the first time acquired with in situ SAXS measurement 
in 2D diffraction pattern.
A cell was developed using parallel quartz windows to minimize X-ray adsorption 
during in situ SAXS measurement. This cell allows the beam to be applied
perpendicular to the direction of the magnetic field.
The values of FWHM of the azimuthal intensity as a function of the duration 
presenting under the applied magnetic field indicate that the magnetic alignment was 
proceeded in a reduced pace, and 20 min was required to reach a full alignment under 
the defined condition in this research. The calculated S3D order parameters show 
increasing trend with the inclining period in the field, and the highest value reaches
0.29, quantitatively illustrating the alignment of hexagonal LLCs in this research. The 
alignment measured from SAXS is in good agreement with the observations from the 
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molecular dynamics simulation.
The aligned nanostructure was retained in the resulting polymerised membrane. The 
retention depends on the magnetic field strength as well as the thickness of the 
membrane. Successful retention of the aligned cylindrical nanostructure after photo-
polymerisation of the membrane enables the nano-filtration membrane potentially of 
high efficiency.
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C H A P T E R  S I X
6. Alignment of hexagonal LLC under electric 
fields
6.1 Introduction
In this chapter, electric fields were applied in the system of lyotropic liquid crystals to
align the hexagonal LLC nanostructures for the synthesis of advanced nanofiltration 
membrane. Synchrotron small angle X-ray scattering (SAXS) was used to characterise 
the nanostructure and the alignment process. A series of research on the system has 
been carried out. Electric fields were first applied in the template made from surfactant 
and water at ambient temperature, and then in the system of template and monomer. 
In situ SAXS measurement was used to observe the performance of the LLC systems 
under electric fields. It is interesting to find that there is reversible phase transition 
from hexagonal to cubic phase happening in the system of template, while no transition
in the system of template and monomer. For the in situ measurement we also developed 
a cell to minimum the absorption of the X-ray scattering. The retention of the 
alignment in the polymerised membrane samples, which had been aligned under 
different electric field strengths versus thickness, was measured by SAXS.
Previous studies on the effects of electric fields on the phase transition on self-
assembled systems investigated block copolymers in a range of solvents (Amundson, 
Helfand et al. 1994, Tsori, Tournilhac et al. 2003, DeRouchey, Thurn-Albrecht et al. 
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2004, Xu, Zvelindovsky et al. 2004, Matsen, Griffiths et al. 2006, Tsori, Andelman et 
al. 2006, Tsori 2009, Giacomelli, da Silveira et al. 2010). Stepanek, et al. studied phase 
transition of the system of PS-b-PEP mixed with cyclohexane (CH) and 
dimethylformamide (DMF) under an external electric field and found a reversible 
cubic to hexagonal phase transition under an applied ~1.25 × 10 3 V/mm electric field 
(Giacomelli, da Silveira et al. 2010). Russell, et al. illustrated that less ordered layers 
of spherical microdomains in PS-b-PMMA thin films could undergo phase transition 
through ellipsoids to cylindrical microdomains under a ~ 40 × 10 3 V/mm electric field 
(Xu, Zvelindovsky et al. 2004). In each of these cases, changes in phase were from the 
more curved to the less curved phase sphere. To date, there have been no studies on 
the effects of electric fields on ionic surfactants in solution, where the solvent was
much more polar and the length, and presumably the role of thermals are quite different.
Dry DTAB was measured by weight with water and sealed in a 1 ml vial. Vortex mixing 
and repeated temperature recycling (room temperature to 70~80 °C) were combined 
on the samples for homogeneity. Polarized light microscopy was used to access the 
sample mixing. The samples had 24 hours for equilibrium before the SAXS test.
In situ SAXS measurements were performed under an applied external electric field. 
The cell has been designed to minimise the background scattering while allowing the 
application of an electric field across the cell (Figure 6.1) that consists of quartz plates 
(25.4 mm × 25.4 mm × 0.17~0.20 mm) which were coated by sputtering with 
aluminum (1 μm ± 10%) on the side facing outside after a cleaning with Piranha 
solution (Corrosive, be careful with this operation). The electrode geometry allows the 
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measurement of SAXS along the direction of the applied electric field.
Figure 6.1 The measurement cell.
An IEEE-488 Programmable High Voltage Power Supply (Model, 225. Spellman, 
High Voltage Electronics Corporation, One Commerce Park, Valhalla, New York, 
10595) was used to remotely control the voltage across the cell. The electric field 
strength across the cell may be calculated through Equation 6. 1:
ܧ଴ =
ܷ
݀ Equation 6. 1
where E0 is the applied external electric field strength, U is the applied voltage through 
the electrodes, d is the distance between the two quartz slides.
The DTAB sample of the highly viscous hexagonal structure was mounted between 
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the two quartz slides. The quartz glass slide between sample and the conductive 
sputtering aluminium layer is a dielectric, so the conductivity of the samples is 
negligible. The distance between the electrodes was 1 mm.
SAXS measurements were performed at Australian Synchrotron SAXS beam line over 
a range of scattering vectors, q, 0.3 nm-1 < q < 8 nm-1, to cover the peaks of hexagonal 
phase expected to see.
All measurements were performed at ambient temperature 23 ± 1 °C. Data was reduced 
in the format of intensity versus q (average radius) after masking off the beamstop and 
subtracting the scattering of empty cell with the software Fit2d (Hammersley 1998).
And Voigt with Origin (Pro) 9.0 was used for peak fitting to calculate the phase ratio.
Colloidal nanoparticles Fe(OH)3 (average particle size = 5nm, TEM image is shown 
in Figure 6.2) that could not only contribute as nanoparticles, but can also be positively 
charged in the electric field, will be helpful to the alignment. The nanoparticles were
obtained through the hydrolysis of the ferric salt, according to the main reaction:
FeClଷ + 3HOH = Fe(OH)ଷ + 3HCl
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Figure 6.2 TEM image of nanoparticles Fe(OH)3.
Table 6.1 Summary of systems and respective experimental conditions.
Differences System 1 System 2 System 3 System 4
Composition DTAB, Water
DTAB, Water, 
Monomer
DTAB, Water, 
Monomer, 
nanoparticles
DTAB, Water, 
Monomer, 
nanoparticles,
Initiator
Temperature 
of alignment
Ambient Ambient Ambient 55~60°C
Preparation 
Process
Mix evenly, 
equilibrium, 
alignment
Mix evenly, 
equilibrium, 
alignment
Mix evenly, 
equilibrium, 
alignment
Mix evenly, 
equilibrium, 
alignment, 
photo-
polymerisation
A summary of all systems used in this chapter and the respective experimental 
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conditions are presented in Table 6.1.
6.2 DTAB-water system under an applied electric field: Reversible 
phase transition from hexagonal to cubic under electric fields
An electric field induced phase transition was investigated in the binary system of 
surfactant dodecyltrimethylammonium bromide (DTAB) (weight ratio 68.8%) and 
water with small angle X-ray scattering (SAXS). Synchrotron SAXS measurements 
were made in situ with a cell specially designed to allow X-ray parallel to the direction 
of the electric field while minimising the background signal.
Hexagonal phase existed in the absence of electric field. As the electric field strength 
was increased to 200 V/mm, the stable coexistence of hexagonal and cubic Q230 (Ia3d) 
phases was initially observed while the cubic phase eventually dominated when the 
electric field strength was about 150 V/mm. This transition from hexagonal to cubic 
Q230 (Ia3d) was entirely reversible. This phase transition from hexagonal to cubic 
phase was induced as the dipole moment was generated in the micelle’s hydrocarbon 
chains domain that had opposite direction of applied electric field, as the dielectric 
constant of the central micelle of DTAB was less than that of the water surrounding 
the micelle.
The interaction of an electric field with self-assembled surfactant systems has of 
particular interest for the application of alignment and subsequent templating of the 
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aligned structure (Amundson, Helfand et al. 1994, Tsori, Andelman et al. 2006, Tsori 
2009, Ma, Sun et al. 2011, Walker, Kowalczyk et al. 2011). In the area of nanoscale 
self-assemblies, small angle X-ray scattering (SAXS) is the ideal technique to observe 
alignment in situ. In this study, we investigated the effect of the external applied field 
on the hexagonal phase of a self-assembly ionic surfactant solution, 
dodecyltrimethylammonium bromide (DTAB) (McGrath 1995). Previously the
hexagonal phase has been used as a template for pores aligned perpendicular to the 
surface of a membrane (Zhang, Xie et al. 2012).
The system of DTAB-water was applied an electric field at room temperature. It was 
found through in situ test under synchrotron SAXS beam line that reversible phase 
transition in the DTAB-water system was induced by the application of external 
electric field.
Figure 6.3 shows the 2-D diffraction patterns of phase transition from hexagonal to 
cubic phases (Figure 6.3a). Only hexagonal was observed when there was no electric 
field applied. Then two phases co-existed (Figure 6.3 b ~ d) when the electric field 
strength increased from 150 to 200V/mm. There was only cubic phase (Figure 6.3e) 
observed after the power supply was turned off but it finally changed back to 
hexagonal phase (Figure 6.3f). Therefore, this is a reversible phase transition from 
hexagonal phase to cubic phase under the applied electric field.
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Figure 6.3 2-D diffraction patterns of the phases: (a): hexagonal; (b ~ d): co-
existence; (e): cubic; (f): hexagonal, diffraction rings are labelled with respective 
space ratios that each one stands for.
Figure 6.4 The schematic diagram of molecule structure of DTAB and hexagonal
cylindrical structure.
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A schematic diagram of hexagonal cylindrical nanostructure is shown in Figure 6.4
relating the important structural features of the molecules to the lattice interactions and 
dimensions. Figure 6.5 shows the scattering of the sample at E=0 V/mm. Hexagonal 
phase can be formed in a range of concentration and temperature according to the 
diagram of the binary DTAB-water system (McGrath 1995).
We have assigned the hexagonal phase of DTAB from the characteristic spacing of the 
higher order Bragg reflections: 1: 31/2: 41/2: 71/2: 91/2: 121/2... The hexagonal phase peaks 
are indexed according to Equation 6.2 (Kent, Garvey et al. 2010):
ݍ௛௞ = ݍଵ଴ඥ݄ଶ + ݄݇ +  ݇ଶ Equation 6. 2
More than six peaks are visible in the SAXS measurement (Figure 6.5). For the 
hexagonal structure, the main scattering peak at q = 1.74 nm-1 is representative of the 
D100 in d-space (Figure 6. 4).
ࢗࢎכ = ݍଵ଴଴ =  
2ߨ
ܦଵ଴଴ =
2ߨ
ξ3ܦଵଵ଴ Equation 6. 3
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Figure 6.5 SAXS profile of 68.75% w/w DTAB in H2O at no applied voltage.  The 
inset shows the wider q-range at a smaller scale to illustrate the many higher 
order peaks.
As the external electric field strength was increased stepwise to 150 V/mm the 
scattering pattern changed (Figure 6.6). New peaks appeared to the right of the main 
peak of the original hexagonal phase. At each voltage step the structure was stable. 
The change in the scattering pattern became more evident with the electric field 
increased up to a voltage of 200V. The changes also happened to those peaks in higher 
q region, obviously at the q range 2.5 ~ 4 nm -1.
Lastly, the transition is reversible as it was observed that the coexistence of the 
hexagonal and cubic phases reverted back to the hexagonal when the electric field was 
turned off, this is manifested in Figure 6.6. Furthermore, when E0 became zero, the 
transition back to hexagonal phase did not start immediately as the growth of peaks 
belonging to the other phase was still on going, this indicates that the electrostatic force 
in the binary system did not go off immediately.
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Figure 6.6 Process of phase transition in DTAB-water system under the applied 
electric field up to 200 V/mm. 
The scattering curves at E0 = 200 V/mm prove that the coexistence of hexagonal and 
cubic phase is dominant with the latter (Figure 6.7a). Peaks belonging to hexagonal 
phase and cubic phase have been clearly labelled in Figure 6.7b and c, respectively. 
The cubic phase is assigned according to the featured spacing of the higher order Bragg 
reflections: 61/2: 81/2: 141/2: 161/2: 201/2: 221/2: 241/2: 261/2..., which belongs to Ia3d. The 
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cubic phase indexes according to (Mariani, Luzzati et al. 1988):
ݍ௛௞௟ =
2ߨξ݄ଶ + ݇ଶ + ݈ଶ
ܽ Equation 6. 4
Figure 6.7 Co-existence of hexagonal and cubic phase. a: co-existence of two 
phases; b: Labelled part of pure hexagonal phase; c: Labelled part of pure cubic 
phase.
Therefore, the cubic phase we obtained above is a primitive cubic phase with space 
group Ia3d (Q 230). The schematic diagram of this cubic phase and the lattice is shown 
in Figure 6.8. It has been reported that the interfacial curvature of the principal 
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lyotropic liquid crystalline phases rises steadily from normal (type I) cubic to normal 
(type I) hexagonal (Seddon and Templer 1993, Cherezov, Clogston et al. 2002).
Transition from hexagonal to cubic is to decrease its curvature as well as to increase 
the radius of the sphere (8.5 ݊݉ > 4.11 ݊݉).
According to the relationship of a and q defined in Equation 6.5,
ܽ = 2ߨξ݄
ଶ + ݇ଶ + ݈ଶ
ݍ௛௞௟ Equation 6. 5
Figure 6.8 The schematic diagram of cubic lattice of the DTAB-Water system.
To better illustrate the coexistence of hexagonal and cubic (Ia3d) phases, the 
assignments and the positions in q of peaks found in the scattering profile of the 
coexisted phases are listed in Table 6.2 for section of hexagonal phase and in Table 6.3
for the part of cubic phase.
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Table 6.2 Space ratios of hexagonal phase and peak positions in q of the profile of 
co-existence.
Peak position (nm-1)
Spacing 
Ratio
Peak position (nm-1)
Spacing 
Ratio 
1.7390 Ĝ1 3.7755
1.8051 4.1723
2.0828 4.5558 Ĝ7
2.7705 4.7938
2.9556 5.0186
3.3656 5.1244
3.4846 Ĝ4 5.2302 Ĝ9
3.6168 5.3228
Table 6.3 Space ratios of cubic phase and peak positions in q of the profile of co-
existence.
Peak position (nm-1) Spacing Peak position (nm-1) Spacing 
1.7390 3.7755 Ĝ26
1.8051 Ĝ6 4.1723 Ĝ32
2.0828 Ĝ8 4.5558 Ĝ38
2.7705 Ĝ14 4.7938 Ĝ42
2.9556 Ĝ16 5.0186 Ĝ46
3.3656 Ĝ20 5.1244 Ĝ48
3.4846 Ĝ22 5.2302 Ĝ50
3.6168 Ĝ24 5.3228 Ĝ52
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The scattering curve of the coexistence of the two phases, hexagonal and cubic (Figure 
6.7a) is a non-linear combination of the two patterns. This can be illustrated in Figure 
6.9.
Figure 6.9 Increasing ratio of cubic phase coexisted with hexagonal phase and 
relative electric field strength applied at different moments.
An increased understanding of how the structure of hexagonal phase is changed by the 
applied electric field is based on the understanding of the growth of cubic phase from 
hexagonal. The generation of dipole moment due to the differences in the dielectric 
constant contributes to the phase transition. The generated dipole moment in the 
homogenous cylinder can be calculated according to Equation 6. 6 (Boissy, Atten et al. 
1995, Giacomelli, da Silveira et al. 2010):
݌ = ߨߝߝ଴ߟܴଶ݈ܧ଴ Equation 6. 6
where İ0 is the permittivity of vacuum/free space, and İis the dielectric constant of 
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the surrounding deionized water. The direction of the induced dipole moment can be 
reflected by the parameter ߟ , which depends on the comparison of the permittivity 
between solid material İ s) and the surrounding liquid İ l) as shown in Figure 6.10.
In the system we study, the comparison is between the central solid micelle of DTAB 
İmicelle = 30 (Warr and Evans 1988) ) and the water surrounding the micelle İwater =
80) in hexagonally cylindrical microdomains (Figure 6. 4b). Both İmicelle and İwater
were tested at 20 °C, a little bit lower than 23 ± 1 °C, which is not significant. For ߟ >
İmicelle İwater), the generated dipole moment in the hydrocarbon chains domain 
has the opposite direction to applied electric field (Figure 6.10a). In this case, when 
the electric field strength E0 is increased to a threshold value, the units of the cylinder 
departed from each other under the effect of the electrostatic force, which results in 
the fading away of the hexagonal phase and the formation of spherical domains packed 
in cubic group, as illustrated in Figure 6.7. In this schematic diagram, it is supposed 
that the [100] direction in hexagonal phase has epitaxial relationship with the [111] 
direction in cubic phase (Mariani, Amaral et al. 1994). This is consistent with the 
explanation of growth of hexagonal phase from cubic as reported in Stepanek’s 
research, where the situation shown in Figure 6.10 b applies and the induced 
electrostatic force is inclined to attract the spheres closer, then to connect to each other 
and form cylinders (Giacomelli, da Silveira et al. 2010). Therefore, it is concluded that 
the relative direction of the generated dipole moment in the hydrocarbon chains 
domain and the applied electric field decides the phase transition from hexagonal to 
cubic phase or counterpart, when the applied electric field strength reaches the 
threshold to induce the transition.
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Figure 6.10 The generation of dipole moment is due to the difference in electric 
FRQVWDQWDİs İlEİs !İl.
Figure 6.11 Schematic representation of speculated transition from cylinder to 
sphere in the self-assembly DTAB-water system under external electric field.
Moreover, we attempt to understand the coexistence of two phases. The intensity of 
the maximum peak of hexagonal phase at E0 = 200 V/mm (Figure 6.7a) is much lower 
than that without any applied electric field (Figure 6.5). The hexagonal existed but the 
proportion in the system is much decreased. The cylinder originally is assumed to be 
parallel to the external electric field in Figure 6.11, which allows the generation of the 
dipole moment opposite to the electric field that can promote the transition from 
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hexagonal to cubic phase, while for those cylinders originally normal to the electric 
field it is not strongly affected by the electric field. This could explain why there is a
quick growth of the cubic phase while hexagonal phase still existed. Besides, the 
length of the cylinder has a polydispersity (Mariani, Amaral et al. 1994), those long 
cylinders may take longer time to complete the transition. This probably contributes to 
the occurrence of this coexistence.
6.3 DTAB-water-monomer system under applied electric field.
The hexagonal template of DTAB-water system under electric fields was studied in 
the Section 6.3. One more component, monomer, which is used to crosslink the 
template for membrane preparation, was added in the template system for the 
investigation of its properties under applied electric fields. The information of electric 
fields and duration is presented in Table 6.4.
When electric fields increased, only hexagonal phase was found in this system, and 
there was no obvious phase transition, except for a small peak appearing on the 
shoulder of the main peak of hexagonal phase (Figure 6.12). The small peak appeared 
and vanished within less than 10 mins, both before the electric field was applied. And 
after this, the hexagonal phase stayed steadily, even the electric field was increased up 
to 200V for more than 20 mins and then turned off.
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Table 6.4 Applied electric fields in the DTAB-water-monomer versus time.
Electric field (V) Time (Mins) 
0 1.09 
0 7.12 
0 8.42 
15 9.38 
30 10.29 
45 11.57 
60 12.76 
100 13.52 
150 14.7 
200 16.27 
200 22.67 
200 24.8 
200 27.38 
200 32.69 
200 36.17 
200 38.73 
0 40.1 
0 42.87 
0 60.94 
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Figure 6.12 SAXS profiles of the DTAB-water-monomer system under applied 
monomer system under electric field. 
Figure 6.13 further clearly presents how the peaks changed at different moment under 
the applied electric fields. Among the whole process, the intensity of the peaks 
gradually slightly decreased with the increasing time. There is no obvious change 
except for the first several minutes. Therefore, we could conclude that the monomer in 
the system block the phase transition which appeared in the DTAB-water system under 
the same condition in terms of cell and applied electric fields. This is probably for that 
the monomer is located around the hexagonal cylinders in the template and the 
molecule of the monomer is uniform, unlike the DTAB molecule have two different 
parts, head and tail at the end, interrupting the generation of dipole moments of DTAB 
in water. Therefore, it is beneficial to hold hexagonal nanostructure for templating 
oriented nanostructure for the membrane preparation.
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Figure 6.13 In situ measurement of performance of DTAB-Water-monomer 
system under electric fields.
Also, 2D diffraction patterns were also observed and compared to see whether there is 
an improvement of alignment (Figure 6.14). There is alignment before applying any 
electric field, which is probably brought by shear force when mounting the sample, as 
this experiment was carried out at ambient temperature without the step to heat the 
sample to remove the alignment by shear force. There is still comparison of these 2D 
diffraction patterns through the process applying electric fields, while there is no 
obvious change happening in all the process.
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Figure 6.14 2D diffraction pattern of the alignment of the DTAB-water-monomer 
system under electric field. a: 0V; b: 150V; c: 200V; d: 0V again.
6.4 DTAB-water-monomer-nanoparticle system under applied 
electric field
Colloidal nanoparticles were also added in the system DTAB-water-monomer to study 
whether these nanoparticles would assist the alignment of the hexagonal nano-
structure under an applied electric field. In situ SAXS measurements were carried out 
(Table 6.5).
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Table 6.5 Applied electric field in the DTAB-water-monomer-nanoparticles 
versus time.
Electric fields (V) Time (Mins) 
0 1.95 
0 3.03 
0 5.89 
0 7.03 
200 10.72 
200 13.33 
200 15.45 
200 19.44 
200 20.55 
200 21.44 
200 29.29 
200 31.38 
200 33.86 
200 38.84 
200 45.81 
200 51.41 
200 54.27 
200 56.23 
500 59.97 
500 64.82 
500 69.08 
500 73.3 
500 77.86 
500 87.34 
500 88.91 
The similar change of peaks to the DTAB-water-monomer systems was observed in
the DTAB-water-monomer-nanoparticle systems under electric fields (Figure 6.15), 
while the difference between these two systems is that the small peaks mixed in the 
peaks of hexagonal phase didn’t disappear immediately but clear away for long time 
(Figure 6.16).
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Figure 6.15 SAXS profiles of the DTAB-water-monomer-nanoparticles under 
electric fields.
Figure 6.16 In situ measurement of performance of DTAB-Water-monomer-
nanoparticles system under electric fields.
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Higher voltage up to 500V was used (Table 6. 5) in this system, and the 2D diffraction 
patterns of different moments were compared in Figure 6.17. It seems there is no 
apparent difference with orientation.
Figure 6.17 2D diffraction pattern of the alignment of the DTAB-water-
monomer-nanoparticles system under electric field. a: 0V; b: 200V; c: 200V for 
about 45 mins; d: 500V.
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6.5 Retention of alignment under an electric field in the photo-
polymerised membrane
To evaluate the effect of retention of alignment under different electric field strength 
in the resulting polymerised samples, one peak was chosen from the azimuthal 
intensity profile for a Gaussian fitting (Figure 6.18), then full width at half maximum 
(FWHM) of the peak was measured, as plotted in Figure 6.19.
Figure 6.18 Retention of alignment under different field strength in the photo-
polymerised membranes.
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There is a distinct trend of mutual relation between FWHM and applied electric field 
strength. It is clear that the FWHM of the sample decreases with the increase of the 
strength of applied electric fields. In this system, colloidal nanoparticles Fe(OH)3
played an important role in the alignment under electric fields due to the field induced 
dipole moments. It has been reported that colloidal suspension of lithium niobate 
nanoparticles of 41 nm were induced a permanent dipole moment along the 
crystallographic C-axis, and illustrated that and electric field strength of 2 kV/mm is 
able to align 80% of the particles (Schutze, Knabe et al. 2010). In this study, increasing 
electric fields up to 91 kV/mm were applied, so it is sufficient to induce the alignment 
of the system with colloidal nanoparticle.
Figure 6.19 Full width at half maximum (FWHM) versus applied electric field 
strength regarding to thickness of membranes.
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It was found that there was alignment in the resulting polymerised membrane while no 
alignment was found in both the DTAB-water-monomer system and the DTAB-water-
monomer-nanoparticles system. It is significant to explain the determinant parameters 
of the alignment induced by electric fields during the process of alignment. Experiment 
conditions of four systems have been listed in Table 6. 1, and it is easy to find the 
temperature for successful alignment was set as high as 60 °C and the alignment 
happened during the cooling process from high temperature to ambient temperature. It 
is easy to understand that at room temperature the sample of hexagonal nanostructure 
with hydrophilic monomer is very viscous, while when it is heated, it become a little 
bit more fluent and the colloidal nanoparticles are much easier to move under the 
applied fields.
6.6 Conclusions 
Electric fields were employed to align lyotropic liquid crystalline nanostructure for 
membrane preparation. Hexagonal nanostructure was templated from DTAB in water, 
colloidal nanoparticles was added to assist the alignment under electric fields, and 
monomer was used for crosslinking the nanostructure which was retained in the 
resulting membrane after photo-polymerisation.
A reversible phase transition from hexagonal to cubic Q 230 (Ia3d) was observed in 
the DTAB-water system in an applied electric field (E0 ı150 V/mm) at room 
temperature. A stable coexistence of hexagonal and cubic phases is observed for 
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stepwise increments in the applied electric field up to a field of 200 V/mm. The phase 
transition from hexagonal to cubic phase or counterpart depends on the relative 
direction of the generated dipole moment and the applied electric field decides when 
E0 is high enough to induce the phase transition.
No alignment is found in the DTAB-water-monomer system and the DTAB-water-
monomer-nanoparticle system through the whole process when electric fields were 
applied at room temperature. But it has been proved that alignment induced by electric 
fields of different field strengths in the resulting polymerised membrane have been 
successfully retained, and the alignment was enhanced with the increasing field 
strength. The colloidal nanoparticles contributed to alignment for inducing dipole 
moment under electric fields.
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C H A P T E R  S E V E N
7. Conclusions
This chapter is concerned with the following three areas:
1. The overview of what have been achieved and reported in experimental 
chapters regarding phase behaviour of LLC systems, photo-polymerisation and 
alignment of LLC nanostructure under magnetic/electric field.
2. The demonstration of the limitations with this work, and 
3. The prospect of the further initiatives which may be extended from the current 
work on swelling capillary experiment and alignment of the LLC 
nanostructures under electric field.
7.1 Overview of current work
Before studying the alignment of LLC nanostructures, some interesting work was done 
to introduce new component monomer to the template system, the photo-
polymerisation on the exposure of X-ray radiation, improvement of the retention of 
the hexagonal nanostructure in the resulting membranes.
1) The phase diagram of DTAB-water binary and DTAB-water-monomer ternary 
systems was investigated, respectively. Swelling capillary experiment contributed 
to efficiently and clearly locate the hexagonal phase in both systems and compare 
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the effect of added monomer amount on the phase structure. This technique ideally 
combined samples with continuously changing concentration in one capillary for 
characterisation and comparison, avoiding repeating the work of preparing a huge 
amount of samples while saving time as well as expensive consumable materials. 
The effect of monomer on the nanostructure of the hexagonal template was proved 
that the adding of monomer increased the dimension of the hexagonal unit cell by 
0.892 nm and the increasing amount of the added monomer PEGDA made 
ignorable difference (about 0.1 nm) in the unit dimension along the concentration 
gradient in the capillary according to the SAXS analysis result in Chapter 4.
2) In Chapter 4, in situ characterisation of photo-polymerisation induced by X-ray 
radiation was also studied. Photo-polymerisation occurred when initiator was 
presented as there was new white spot appeared on the quartz window after X-ray 
went through and the d space of the nanostructure increased with increasing 
exposure time to X-ray. It can be either applied or avoided in the Synchrotron in 
situ SAXS measurement depending on what it would like to be achieved. For 
example, X-ray photo-polymerisation should be avoided if the X-ray radiation is 
to be used to evaluate the alignment of LLC nanostructure before polymerisation, 
while X-ray radiation can be applied for in situ measurement of photo-
polymerisation.
3) Combination of two different monomers in different ratios was tried to improve 
the performance of the LLC templated membranes. Completion of the photo-
polymerisation under UV radiation was checked with FTIR spectra and the LLC 
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nanostructure was checked with PLM and XRD while the morphology of the 
membranes was characterised with SEM. The membranes with PEGDA/HDDA at 
the ratio of 3:1 showed better general performance than the other three membranes 
(4:0, 2:2 and 1:3) in terms of retention of template LLC structures and mechanical 
durability. Two immiscible monomers, hydrophobic and high modulus HDDA and 
hydrophilic and low modulus PEGDA compromised well in the presence of 
surfactant DTAB in water. Higher proportion of HDDA (more than HDDA: 
PEGDA=1:3) was not good to retain the hexagonal structure in the template and 
network swelling though adding HDDA improved the modulus of the resulting 
membranes.
After the study of hexagonal lyotropic liquid crystalline systems, the alignment of all 
hexagonal lyotropic liquid crystalline nanostructure perpendicular to the surface of the 
membranes was investigated to improve the nano-filtration efficiency. In this project, 
external fields have been used for the alignment. The alignment of hexagonal lyotropic 
liquid crystalline nanostructure (< 5 nm) doped with magnetic nanoparticles under 
magnetic fields has been achieved (Chapter 5). 
1) The process of the magnetic alignment was for the first time acquired with the 
in situ SAXS measurement in 2D diffraction pattern. After reducing into 1D 
data, Gaussian fitting was done to calculate the FWHM of the azimuthal 
intensity to show the dgereee of the alignment (SAXS analysis technique could 
be referred to Chapter 3). The decreasing FWHM presents an enhancing 
alignment of the LLC cylindrical nanostructure with the duration presenting 
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under the applied under magnetic field. And 3D order parameter was also 
calculated to quantitatively evaluate the alignment effect. This parameter 
increases when the alignment is reinforced, and the result echoes that of 
FWHM. When the alignment became stable after 20 mins in the field, the 3D 
order parameter was 0.29, comparable to 0.36 in published work. 
2) Molecular Dynamics simulation was undertaken to understand how the 
magnetic alignment proceeds. The interaction energy between magnetic 
nanoparticles and other molecules in the solution and the energy transfer from 
magnetic nanoparticle surface to a structured DTAB cylinder was calculated 
and compared. It is found that the nanoparticles are prone to stay in the solution 
of PEGDA and water, and transfer magnetic force to DTAB cylinder through 
the media between. 
3) It is interesting to know whether the aligned nanostructure in solution status 
can be retained in the polymerised membrane. The hexagonal LLC samples 
were firstly aligned under 4 different magnetic field strengths and then the 
resulting membranes after photo-polymerisation in UV box were measured 
with SAXS. The FWHM of azimuthal intensity generally increases with the 
applied field strength. Therefore, it can be concluded that the aligned 
nanostructure was retained in the resulting polymerised membrane and the 
retention depends on the magnetic field strength as well as the thickness of the 
membrane. Successful retention of aligned cylindrical nanostructure after 
photo-polymerisation of the membrane potentially enables high efficiency of 
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the nano-filtration membrane.
Also, electric fields were employed for the alignment of lyotropic liquid crystalline 
nanostructure for the membrane preparation (Chapter 6). In situ measurement of the 
alignment of hexagonal nanostructure in solution status under electric fields was 
carried out at room temperature in Australian Synchrotron. 
1) A reversible phase transition from hexagonal to cubic Q 230 (Ia3d) was 
observed in the DTAB-water system when an electric field (E0 9PPDW
room temperature was applied. A stable coexistence of hexagonal and cubic 
phases is observed for stepwise increments in the applied electric field up to a 
field of 200 V/mm. The phase transition from hexagonal to cubic phase or 
counterpart depends on the relative direction of the generated dipole moment 
and the applied electric field decides when E0 is high enough to induce the 
phase transition.
2) The hexagonal phase became stable in the DTAB-water-monomer system as 
there was no sign of alignment found through the whole process when electric 
fields were applied at room temperature, and the same to the DTAB-water-
monomer-nanoparticle system. 
3) The membranes were photo-polymerised after the hexagonal LLC 
nanostructures were aligned with colloidal nanoparticels under different 
electric field strengths and checked with Synchrotron SAXS. Hexagonal 
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nanostructure was templated from DTAB in water, colloidal nanoparticles was 
added to assist the alignment under electric fields, and monomer PEGDA was 
used for crosslinking the nanostructure. And the retention of alignment was 
found in the polymerised membranes, and the alignment was enhanced with 
the increasing field strength. The colloidal nanoparticles contributed to 
alignment for inducing dipole moment under electric fields. The difference of 
the experimental condition compared to the one with in situ SAXS test lies in 
the temperature, which is reckoned to be one of the key parameters for 
producing a successful alignment under electric fields.
In this project, endeavor has been also done to design new cells for holding solution 
samples for in situ SAXS measurement in Synchrotron. A cell was developed using 
parallel quartz windows to minimize X-ray adsorption for holding liquid samples for 
in situ SAXS measurement. This cell allows the beam direction perpendicular to the 
direction of the applied magnetic field. The mutual direction between X-ray and the 
applied field, the insulation and efficiency, et al, have been considered.
7.2 Limitations
While great developments have been achieved as listed in the previous section, various 
limitations exist in current project mainly for the shortage of experimental and 
measuring facilities: 
1) Swelling capillary experiment has saved much work to study the phase change 
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with the concentration when working with SAXS; it will be easy to identify the 
maximum or minimum concentration to have certain phase if it is able to read 
the concentration directly or indirectly through some external equipment, like 
FTIR etc.
2) The magnetic field used in this project is rare earth magnets so that the 
magnetic field strength is much less than 1 T. It is expected to get access to 
strong magnetic field (1T or 10 T) and try the magnetic alignment process in 
the future. 
3) It is expected to try order-disorder temperature for the alignment of hexagonal 
LLC nanostructure under electric field when more Synchrotron SAXS 
beamtime is secured in the future.
7.3 Future Initiatives 
Reconstruction of unit cell of hexagonal phase: It is expected to unveil how the added 
monomer(s) settles in the hexagonal template via reconstruction of unit cell of 
hexagonal phase. It is an advanced analysis method that uses contrast variation to 
rigorously phase the Fourier reconstruction of hexagonal unit cell with SANS or SAXS 
beamline. In current project, it has been proved that the hexagonal phase exists in the 
system DTAB-water-monomer (PEGDA or PEGDA & HDDA), while adding 
monomer increased unit dimension and excessive amount of monomer ruined the 
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hexagonal phase finally as discussed in Chapter 4. The reconstructed unit cell will be 
able to locate where the monomer stays in the hexagonal phase.
Furthermore, future experimental work should focus on the fabrication of membranes 
with aligned porous nanostructure for potential dedicated applications. The 
nanofiltration efficiency shall be tested and compared with the LLC membranes
without applying the alignment technique.
Also, NMR as a powerful technology shall be explored in combination with FTIR to 
analyze the polymerization process.
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Abbreviation
LLC - Lyotropic liquid crystal 
1, 6-Hexanediol diacrylate (HDDA)
Dodecyltrimethylammonium bromide (DTAB)
2-hydroxy-2-methylpropiophenone (2-2)
Polyethylene glycol diacrylate (PEGDA)
Indium tin oxide (ITO)
Full width at half maximum (FWHM)
Molecular dynamics (MD)
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Appendix
In this document we are trying to make a macro for reducing 2-D data into 1-D
intensity versus q (average radius). It includes three main steps: create a list of all .tif 
files, create a macro of reducing one tif file into 1 d intensity versus q, make a big 
macro for whole set data, and finally run the big macro.
A.1 To make a list of all “.tif” files.
A.1.1 To get the information list of all files in the destination folder, as shown in Figure 
A. 1.
Figure A. 1 Screenshot of information list of files.
The software is “Programmer’s File Editor”. Run the software, choose the tab 
“Execute” then “DOS Command to Window…” Set the blank after Command as 
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default “dir *.tif”, choose the destination folder shown in the blank after Directory as 
shown in Figure A. 2. Then click “Ok”. What comes out is as shown in Figure 1, save 
the file as “Content. Txt”.
Figure A. 2 Screenshot of Execute DOS Command and Capture Output.
A.1.2 make a neat list of .tif files, as shown in Figure 3.
Open the saved file “content.txt” with software Programmer’s File Editor, delete those 
entire lines without information of the files. Put the cursor in the head of the first line, 
choose the tab “macro”, click on “start recording”, then use keyboard to operate the 
IROORZLQJWLQ\VWHSV³VKLWĺ´WRVHOHFWWKHXQZDQWHGLQIRUPDWLRQLQFOXGLQJWKHVSDFH
before the file name, “delete”, then move the cursor the head of next line, choose the 
tab “macro”, click on “stop recording”. Press “F7” to run the macro created just above. 
What to gain is shown in Figure A. 3.
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Figure A. 3 Screenshot of neat file list.
A.2 Create a small macro for reducing one tif file into 1-d intensity vs. q. 
The software used in this step is FIT2D.
Run the software, and choose MACROS/LOG FILE (Figure A. 4), CREATE MACRO, 
name the file and save it to defined folder, EXIT. Then choose SAXS/ GISAXS, 
INPUT… followed by the steps of reducing 2D data into 1D, until save the file as .chi
file. EXIT. Then go to the folder where the macro was saved, and find it to open as 
shown in Figure A. 5.
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Figure A. 4 Window of Macro/Log file.
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Figure A. 5 Screenshot of a small macro file.
A.3 To make a complete macro for all set of data.
 
A.3.1 Copy the “test macro” to places after each file names in the list.
Open two files, “content.txt” and “text macro.txt” with the software Programmer’s File 
Editor, and copy all the content of the “test macro” after deleting the last “exit” into 
the top of the list of the file names (Figure A. 6). Copy the content of “test macro” 
from “INPUT” until the last “O.K.”  Place the cursor of the mouse at the beginning of 
the line of first file name below the small macro. Choose the tab “macro”, “start 
recording”, then use keyboard to make the following tiny step. “End”, then “Enter” to 
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VWDUWDQHZOLQH³&WUO9´WRSDVWHWKHFRSLHGFRQWHQWKHUH³ĺ´WRPRYHWKHFXUVRUWR
the head of next file name. Choose the tab “macro”, “stop recording”. Press F7 to run 
the macro.
Figure A. 6 Step of copy the test macro to the top of the list of file names.
A.3.2 To replace the file name and delete the original file names.
After the step 3.1, all the copies have the same file name (Figure A. 7), so it is necessary 
to replace the templated name with different file names, respectively.
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Figure A. 7 After completing the copy in 3.1, ready to replace the file names.
Put the cursor in the first file name of the list. Choose the tab “macro”, “start recording”, 
then use keyboard to make the following tiny step. “shift + end” to select the whole 
line “al_qz_DTAB_hex_plm_0V_0268.tif”, then “Ctrl + X” to cut the original file 
QDPH³GHOHWH´WRGHOHWHWKHVSDFHOLQH³Ļ´WRPRYHWKHFXUVRUWRWKHOLQHLQFOXGLQJD
WHPSODWHGILOHQDPH³'7$%B:DWHUB7UDQVFBWLI´³&WUOĺ´WRPRYHWKHFXUVRU
just before the to be replaced file name, “shit + end” to select the rest of this line, 
³GHOHWH´WKHQ³&WUO9´WRSDVWHWKHQHZQDPH'7$%B:DWHUB7UDQVFBWLI³ĺ´
WRPRYHWKHFXUVRUWRWKHKHDGRIQH[WOLQH³Ļ´WRNHHSPRYLQJWKHFXUVRUWRWKHRWKHU
line including WKHWHPSODWHGILOHQDPH³&WUOĺ´WRPRYHWKHFXUVRUMXVWEHIRUHWKH
to be replaced file name, “shit + end” to select the rest of this line, “delete”, then “Ctrl 
+ V” to paste the new name DTAB_Water_Transc_0025.tif, “backspace” to delete “tif” 
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and type ³FKL´³ĺ´WRPRYHWKHFXUVRUWRWKHKHDGRIQH[WOLQH³Ļ´WRNHHSPRYLQJ
the cursor to the next original file name. Choose the tab “macro”, “stop recording”. 
Press F7 to run the macro.
Save the completed macro as “macro.mac”
A.4 Run the complete macro for the whole set of data.
Back to the window of Software Fit2d (Figure A. 4), choose “RUN MACRO”. 
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